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Introduction 

Electrocatalysis  may be defined as the  r e l a t ive  a b i l i t y  of d i f f e r  
ent substances, when used as electrode surfaces under t h e  same condi- 
t ions,  t o  accelerate t he  rate of a given electrochemical process. 

Unlike ca ta ly t ic  e f fec ts  i n  the  conventional sense, the  r e l a t ive  
e lec t roca ta ly t ic  propert ies  of a group of materials at  a given temp- 
e ra ture  and concentration of reactant and product a r e  not necessarily 
constant. They may vary owing t o  the  d i f fe ren t  dependence of r a t e s  on 
e l e c t r i c a l  potent ia l ;  t ha t  is, var ia t ion i n  Tafel slope with substrate, 
f o r  the  same electrochemical reaction. These differences i n  Tafel 
slope may come about by var ia t ion of the symmetry factor  from one sub- 
s t r a t e  t o  another, o r  by changes i n  the  adsorption isotherm of reac- 
t i o n  intermediates. A problem of f'undamental importance i n  assessing 
e lec t roca ta ly t ic  behavior is, therefore, the ra t iona l  po ten t ia l  at 
which r e l a t ive  react ion rates should be compared. It i s  generally con- 
sidered that this  po ten t i a l  should be the potent ia l  of zero chuge  
(P.z.c.) of t h e  pa r t i cu la r  substrate,  as under these conditions there  
is no charge-dependent e l e c t r i c  f i e l d  t o  influence electron t ransfer  
rates (1). 

It i s  more convenient i n  pract ice  t o  measure rates a t  constant 
po ten t ia l  with respect t o  a standard electrode. Under these conditions, 
e lec t ronic  factors  which a re  involved i n  the  chemical (p. z . c.  ) r a t e  
equation cancel, so t h a t  a simplified dependence of r e l a t ive  r a t e  on 
free energies of adsorption of reaction intermediates r e su l t s  provided 
the symmetry fac tor  i s  constant (2,3). This point w i l l  be more com- 
p l e t e ly  discussed below. 

The concept of e lectrocatalysis  i s  rather recent, and has a r i sen  
since t h e  advent of research i n t o  f i e 1  c e l l s  as a p rac t i ca l  means of 
energy conversion. The performance of such devices depends, at  the  
present stage of technology, almost en t i r e ly  on problems concerning 
electrode react ion rates ra ther  than, f o r  instance, mass-transport 
processes. 
acid electrolyte ,  me limited by the  i n t r i n s i c  r a t e  of the  oxygen 
electrode. To date, platinum i s  the most effect ive material f o r  both 
hydrogen oxidation and oxygen reduction i n  acid medium. There is, 
however, a considerable difference i n  t h e  r e l a t i v e  rates at a given 
overpotential  that can be maintained on a platinum electrode f o r  
these two processes. Under ordinary conditions, the  hydrogen oxida- 
t i o n  r a t e  is approximately l o 7  times more rapid than that of oxygen 
reduction. "his difference r e su l t s  i n  an effect ive loss i n  efficiency, 
due t o  cathode polarization, of perhaps 30 percent, and requires t h e  
use of platinum metal ca ta lys t s  i n  high loadings. This  slow r a t e  of 
the  oxygen-reduction react ion i s  well bown, and i s  manifested i n  
p rac t i ce  by the l o w  open-circuit po ten t ia l  of the cathode which 
corresponds t o  rate cont ro l  by an a l te rna t ive  process, t h e  electrode 
po ten t i a l  being determined by platinum oxidation (4), or  impurity 
oxidation ( 5 ) ,  or  by some pa ras i t i c  redox process. 

Typical &/02 fue l  cel ls ;  working at low temperatures i n  
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The hydrogen electrode process on platinum has one of t h e  fastest 

spec i f ic  rate constants hown (apart  from metal-metal ion  reactions of 
react ive metals and some redox processes) i n  aqueous solutions,  where- 
as oxygen reduction on platinum must by comparison be considered a 
very slowprocess, though it i s  by no means the slowest react ion t h a t  
has been observed. * 

i s  the  wide range of rate constants t ha t  me encountered fo r  the same 
process - f o r  instance, some 10 orders of magnitude f o r  the  hydrogen 
electrode reaction ( 6 ) ,  and at l eas t  5 orders of magnitude fo r  oxygen 
evolution on oxidized platinum (7 ) .  
laboratory has shown t h a t  r a t e  constants for  oxygen reduction on 
oxide-free noble metals i n  acid e lec t ro ly te  vary by approximately 7 
orders of magnitude. 
fo r  instance hydrocarbon oxidat ion, have been noted. 

I n  this paper, past  work on electrocatalysis  w i l l  be b r i e f ly  re -  
viewed and correlated with some recent work on the  e lec t roca ta ly t ic  
properties of Group V I 1 1  and I b  metals and al loys f o r  the  oxygen re- 
duction reaction i n  acid solution. Some of t he  consequences of t h i s  
study concerning the f u e l  c e l l  oxygen electrode a re  discussed. I n  
par t icular ,  the e lec t roca ta ly t ic  mechanisms of the  hydrogen and 
oxygen electrodes will be explored i n  detail, t o  determine the  
likelihood of  h t w e  increase i n  02 electrode exchange currents.  

One striking f ac t  about reaction rates on d i f fe ren t  metal substrates  

Recent work conducted i n  t h i s  

Wide r a t e  var ia t ions fo r  other types of reactions, 

The Mechanism of Electrocatalysis 

I n  general, the  study of spec i f ic  reactions has given some insight 
i n to  the factors  control l ing r a t e s  on d i f fe ren t  electrode substrates.  
The reactions most broadly studied f o r  t h i s  purpose have been - 
1. Hydrogen evolution i n  acid solut ion (6, 9, 10).  

2. Oxygen evolution on noble metal oxides i n  acid solut ion (11,12). 

3.  Certain hydrocarbon reactions, f o r  example, ethylene oxidation (13, 
14). 
I n  comparing react ion rates fo r  a specif ic  process on d i f fe ren t  

metals, it is  important t o  f irst  ascer ta in  tha t  two necessary condi- 
t ions  are met : 

1. The process i n  question must be the same on the group of metals - 
that is, the rate-determining s t e p  must be the  same i n  each case, 
and t h e  react ion path, at  least as far as the rate-determining 
step, must also be the  same. 

The process has been compared on the  d i f fe ren t  metals under the 
same conditions - t h a t  is, with the  same surface preparation i n  
solutions of the  highest possible purity, so t h a t  poisoning of  the 
electrode surface by adsorption of capi l lary-act ive matter is 
avoided, 

2. 

~~ 

* Oxygen reduction on gold ( 8 ) ,  and hydrogen evolution on lead or 
mercury (6 )  are several  orders of magnitude worse. 
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The Hydrogen Evolution Reaction 

hydrogen evolution reac t ion  i n  acid solution on the majority of metals 
studied involves the  sequence 

It is generally considered (15-22) tha t  t he  mechanism of t h e  

H30+ + M + e- - M - H + H20 (Discharge reaction) Step I 

which i s  then followed by e i the r  

bo+ + M - H + e- + M + H20 + H2 (Electrochemical or  ion + atom 
react ion)  Step IIa 

o r  
2~ - H -. 2 M  + & (Combination react ion)  Step I I b  

where M i s  a surface s i t e  on t h e  metal. 

with t h e  properties o f  t he  electrode substrate  date back several  
decades. 
overvoltage and t he  rate of ca t a ly t i c  hydrogen combination. 
t i ons  between exchange current and interatomic distance (24-27 metal 
surface energy (28,29), cohesion energy (30), melting point (22) 
and compressibil i ty (31), have been discussed b 
I n  a similar way, Boclcris and co-workers (6,32-$4) showed t h a t  the 
thermionic work f'unction of the  metal and i t s  hydrogen overvoltage 

- were empirically re la ted .  Horiuti and Polanyi (35), followed by 
other authors (36 ,37 )  had previously pointed out that t h e  rate o f  
t h e  discharge reac t ion  (I) should be increased ( tha t  is, the activa- 
t i o n  energy decreased assuming a constant entropy of act ivat ion)  i f  
t h e  heat of adsorption of atomic hydrogen on t h e  metal surface were 
high. 
re la t ionship  by considering an approximate calculat ion of t he  S - H 
bond energy, based on the  Pauling equation (39) as used by Eley ( 4 0 )  
f o r  chemisorption phenomena, i . e., 

Attempts t o  cor re la te  the overpotential  of hydrogen evolution 

Bonhoeffer (23) i n  1924 noted a connection between hydrogen 
Correla- 

a number of autLors. 

Riietschi and Delahay (9,38) attempted t o  establish t h i s  

% - H = F  1 ( % - M M D H - H X )  + 23.06 (% - XHI2 

where % - i s  the  metal-metal 
atom bond strength, % - i s  the  adsorbate bond strength, and $, 
XH are the  e lec t ronegat iv i t ies  of t he  metal and adsorbate respec- 
t i ve ly .  A s  metal-metal atom forces a r e  short  range, DM - 
t o  ~ , / 6  f o r  close-packed metals (9), where Ls i s  the la ten t  heat of  
sublimation. These authors (9 )  established that a '  good dependence of 
l o g  rate on q4 - 
neglecting the  electronegat ivi ty  terms; tha t  is, they showed that f o r  
ce r t a in  metals a correlation'between Ls and the r a t e  of t he  hydrogen 
electrode reaction existed.  
cohesion energy, melting point, compressibility and surface energy, 
t h i s  re la t ionship  i s  i n  good agreement w i t h  other correlat ions 
based on these pammeters (26,28-31). Conway and Bockris (6 

i s  the  M - H bond strength, DM - 

i s  equated 

e d s t e d ,  but they calculated the lat ter value 

A s  Ls i s  closely re la ted  t o  hardness, 

developing earlier ideas of Bockris and h i s  coworkers (32,34 
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t h a t  an approximately l i nea r  re la t ionship exists between log i and 
electronic  work-flmctions f o r  many metals w i t h  a second (inverse) 
re la t ionship  appment f o r  a few metals (Tl , Pb) with very low 
hydrogen evolution rates (i 
tha t ,  because of the empiri8al l i nea r  relationships between work 
function and Ls, and work function and %, which hold f o r  many metals, 

% - 

10-11 - l o - i q .  They a l so  point out 

can be wri t ten i n  the  form 

A ( P 2 + B @  + C  (2 )  

where @ i s  the work function, and A, B, and C are constants. I n  con- 
sequence of this re lat ion,  and as log i, and @ a re  l i nea r ly  dependent, 
a quadratic expression connects log io and the  calculated (o r  experi- 
mental*) values of DM - 

The same authors show that other re la t ionships  exist between 4 
and the  percentage d 
single-bond o rb i t a l s )  
interatomic distance serves t o  cor re la te  e a r l i e r  obser- 
vations of rate dependence on the  l a t t e r  quantity (32) .  
l i nea r  % d character-log io re la t ion  i s  observed fo r  the 
metals. 

(41,42). 

($ d contribution t o  intermetal l ic  dsp 
i s  a function of atomic number and 

Similarly, a 
t rans i t ion  " 

The quadratic p lo t  of l o g  io (or  overpotential) against  %M 
l i k e  the  log i 9 plot,  two d i s t i n c t  approximately linear regions, 
with a pos i t iv  slope fo r  t he  t r ans i t i on  metals and Group Ib, together 
with Al, Be, and Ga, whereas a negative slope appears f o r  Hg, T1, 
and Pb. Conway and Bockris (6)  a t t r i b u t e  this t o  the  f ac t  t h a t  on the  
la t ter  three  metals, which probably have much lower values than 
calculated owing t o  t h e i r  e lectronic  structures,  rea!kZnHI i s  rate 
determining, whereas on the  remaining metals react ion IIa i s  rate 
determining. 

Volcano Plots  

t i ons  I and IIa as follows: 

has, 

We may, i n  principle,  write the forward r a t e  equations f o r  Reac- 

A% -0 

(I) i = F - [q (1 - j3)*-@ ( 3 )  

( I I a )  i = F - kT C H I C H + I ~ ~ ~  - M l  + BAG, - mi2 RT 
4 

h ( 4 )  

where [w, [HI and [ ~ 1  a re  the  a c t i v i t i e s  of metal sites, adsorbed 
hydrogen, and hydroxonium ions, Ago and MA are metal independent 
(i. e., adsorption independent) free energies of t he  act ivated complex 
at cp = 0. AG, is the f r e e  energy of adsorption of H, and (D is the 
poten t ia l  with reference t o  an a rb i t r a ry  reference electrode. The 
other symbols have t h e i r  usual  meanings. Following Frumkin (2) ,  no 
expression f o r  (P, t he  work flmction, ears i n  t h e  rate equation, as 
t h i s  quantity i s  self-cancell ing (2,3?%). 

* Experimental and calculated (metal-hydride) values of DM - 
.- 

me 
i n  relat ive17 good agreement, but differ by about 15 kcal, due t o  
t h e  surface 'image potent ia l"  (45) .  
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Putting 8 = CHI and 1 - 8 = [MI, w e  have 

4 

( 7 )  A% Assuming that 

That is, t he  Langmir isotherm applies f o r  the  equilibrium process IIb,  

= (p&)% * exp - 

1 1 & + M +  M -  H 

Subst i tut ing f o r  8 ,  w e  obtain 
-8 

These equations are s i m i l a r  t o  those developed by Parsons ( 4 )  and 
Gerischer (48), and indicate t h a t  r a t e s  f o r  both reactions have, 
under these  conditions, the  same dependence on AG,,. They indicate  
tha t  log i would be, at fixed poten t ia l  and fixed pH2 and [H+], an 
ascending and  descending l inear  f’unction of AGH with a maxlm a t  
AG,,=O. 
Temkin isotherm appl ies ,  a development of these equations show 
t h a t  a s imilar  r e l a t i o n  between i. and bG,, , but  with a plateau- 
l i k e  ra ther  a sharp maximy around AGH=Oh should occur. 
p lo ts  were given the  name vclcano p lo ts  by Balandin (49), 
though he discussed ca t a ly t i c  ra ther  than e lec t roca ta ly t ic  
cases. 

I f  AG& l i n e a r l y  coverage dependent, tha t  is, j.f the  

Such 

It has been claimed (50)  t h a t  t h i s  approach w i l l  explain the f ac t  
t h a t  metals such as  Pb, Hg and ‘Il have low exchange currents 
(&,, > 01, whereas metals such as P t  o r  Pd (AGH presumed t o  be - 0 )  

have high values. I n  a s i m i l a r  way, metals w i t h  AG ,, < 0 (W, Mo, T a )  
a l so  have low exchange currents.  

A s  AGH values me not generally known, the  general  trend of  t h i s  
parameter i s  equated t o  t h e  experimental ( o r  calculated) AH,, ( i .e. ,  

I& - 
i s  metal independent - t h a t  is, it corresponds only t o  the  loss of 3 
t r ans l a t iona l  degrees of  freedom ( 9 ) .  This assumption is, however, 
probably not justified, as there i s  evidence t h a t  a compensation effect  
between AS” and &I, e x i s t s .  

values (6,9) assuming tha t  the  standard entropy of adsorption 

Tl-,i_s implies t.hat, on surfares  where 
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I DM - 
adsorbate. 
adsorbate mobility and hence increased ASH r e su l t s .  T h i s  i s  w e l l  
i l l u s t r a t e d  by Brei ter  s (51) experimental correlat ion of AH and 
ASH on platinum in di f fe ren t  e lectrolytes  where' DM - 
by d i f fe r ing  degrees of anion adsorption. 

( 47) assump- 
t i o n  t h a t  the  adsorbed hydrogen on the surface of t he  electrode i s  i n  
equilibrium with gaseous hydrogen v i a  t h e  combination react ion (Equa- 
t i o n  7) .  
react ion t o  be A s  the  process i s  non-electrochemical, i t  is 
hard t o  see how the Hi -D 2H equilibrium can be maintained i n  the Tafel 
region (i > 10-1 A/sq cm). On t h i s  basis, i t  would therefore  seem 
that this thermodynamic equilibrium i s  not t h e  or ig in  of the  volcano- 
type i - % -  re lat ionship noted by Bockris and Conway (i  increasing 
with % - 
t i a l  dependence of i on increasing DM - 
(Equations 5, 9) as suggested by Conway and Bocb i s  (6,41,42,52), forPb, 
Hg, and 12, where low coverages of molecular hydrogen a re  encountered, 
and where A G ~  i s  large and posit ive.  For the Group Ib and t r ans i t i on  
metals (except plat inoid metals a t  low overpotentials (53,551, and 
perhaps Fe (l)), the  ion and atom reaction I s  considered t o  be 
rate determining (56). 

t i ons  is  

is  high,  AS^ i s  low owing t o  the  high degree of order i n  the 
Similarly, on surfaces w i t h  a low DM - H, increased I 

i s  modified 

) A second, more important objection involves Parsons 

On platinum, Pmsons (47) has estimated t h e  io of this  
1 

f o r  Pb, Hg, 12, decreasing with DM - f o r  t rans i t ion  
I metals (6 ) .  The r e l a t i v e  r a t e s  seem best explained by the  exponen- ! 

fo r  the discharge reaction 

I n  this  case, we can assume t h a t  t he  pre- 
1 vious step, t he  discharge react ion (I) i s  i n  pseudo-equilibrium. 

librium condition f o r  this process (assuming Langmuir condi- 

/ 

(11) e 
= [ ~ t ~ e x p  - AG,,/RT exp - F ~ / R T  

[@I exp - AGH RT exp - Fv/RT Hence 
e = + LH,J 

where 8 i s  the  surface coverage in [ H 3 .  
Subst i tut ing t h i s  i n  Equation 6 w e  obtain 

-D exp - (1 + 8 )  F ~ R T  - ~ A G , , / R T  
(13) exp - A G G T  - FQ/RT i a y CH+l2 

+ IKf, 

This expression has exactly t h e  same form as Equation 10, and i@lies 
again that a volcano-type r e l a t ion  should occur, with i decreasing 
with decreasing AGH (increasing DM - H) fo r  AG,, < 0 (52,57). The 
l a t t e r  condition implies a high coverage of H, and hence favors the 
ion and atom rate-determining step,  as suggested by Conway and 
Bocb i s  f o r  these metals (6,52,56,57). 
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Heats of Activation and l?requency Factors 

avai lable  f o r  a few metals. Glasstone, Laidler, and w i n g  (58) quote 
some ear ly  values, which indicate  general s imi la r i ty  of preexponential 
terms. Later values, obtained under conditions of high puri ty  by 
Parsons (55) f o r  t h e  combination and discharge reactions on platinum, 
indicate  that for  both t h e  heat of act ivat ion i s  about 5.2 kcal/mole 
at t he  reversible  poten t ia l .  I n  the same work, Parsons (55) (see also 
Temkin (59))  derives theore t ica l ly  the preexponential terms of the 
combination, ion, and atom and discharge reactions.  For the discharge 
reaction, the quant i t ies  are about 2 X l o 6  A/sq ern (8 - 0 ) ,  and 2 X l o 7  
A/sq cm (e -t 1); f o r  the  combination react ion 3 X lo2 A/sq cm (e + 0 )  
and 2 X lo7 A/sq cm (6 - 1); and for  the  ion plus atom reaction 

[e 
Conway, Beatty, and DeMaine (60)  measured act ivat ion energies on a 

se r i e s  of copper-nickel alloys.  They found t h a t  i n  each case the ac t i -  
vation energy w a s  temperature dependent, but tha t  the value fo r  copper 
was l e s s  than that fo r  n icke l  ( i n  agreement w i t h  other workers (61, 
6 2 ) ) .  The values f o r  t he  al loys were nonlinearly dependent on the atom 
percentage of the  components. However, at constant overpotential, t h e  
difference i n  the  heats of act ivat ion on copper and nickel  w a s  shown 
t o  be reasonably consis tent  with experimental values of DM - 
these metals, assuming Equation 13 appl ies  i n  i t s  simplified form 
f o r  AG, negative (i 0: exp + (1 - 8 )  A G D T ) ,  hence energy of activation 
R 

on copper indicates tha t  i n  a l l  probabili ty the Arrhenius preexponen- 
t i a l  terms f o r  these two metals a re  very different ,  and perhaps implies 
a higher coverage of H on nickel.  Similarly, i f  coverage i s  markedly 
t emperature-dependent , t he  nonlinearity of the Arrhenius p lo t s  is 
accounted for. 

On the  basis  o f  Parsons' (55) and Temkin's (59) theore t ica l  calcu- 
la t ions  and t h e  experimental data  o f  Conway et  al. (60)  the assump- 
t i o n  of a constant matt ( o r  preexponential factor, assuming 8 t o  be 
constant)  over a series of metals is improbable. It i s  c lear  from 
Equation 13 , assuming AG, i s  l a r g e  and negative, tha t  

Heats of ac t iva t ion  fo r  the  hydrogen evolution reaction a re  only 

assuming a mobile act ivated complex) 40 A/sq ern (e  0 )  and l o 4  A/sq cm 
1). These values are i n  reasonable agreement w i t h  experiment (55).  

on 

(1 - 8 )  AH,, . Hence, the f ac t  that io on N i  i s  greater  than tha t  

i 0: exp (1 - 8 )  AG@T 

Hence, assuming tha t  t he  preexponential fac tor  i s  independent of t he  
metal, w e  may write 

2.303 log i a (1 - p)AHy/RT 

1 Fence, w i t h  ,g = 7, the  slope of. the  l inear  log i - AHH D l o t  should be 
1/4.6 RT (about 0.36).  
fo r  metals with a la rge  AH,,, the  slope i s  appreciably l e s s  than t h i s ,  
again suggesting that t h e  preexponential factor  i s  imporkant i n  deter-  
m i n i n g  the  overal l  rate, and tha t  a "compensation e f fec t  between 
AHact and the  preexponential factor,  as is  of ten noted i n  gas-phase 
ca t a ly t i c  processes, appears t o  apply i n  t h i s  case. 

Data of Conway and Bockris (6,41) show t h a t  
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Recently, Bockris, Damjanovic, and M a n n a n  (10)  have reexamined 

the hydrogen electrode react ion on a number of pure metal and a l loy  
systems. The systems were chosen t o  maximize the change i n  one par- 
t i c u l a r  parameter - f o r  instance, d-orbi ta l  vacancies o r  internuclear 
distance. 
constants on $ d character and d-orbi ta l  vacancies. I n  addition, io 
appears t o  be l i nea r ly  dependent on internuclear  dis tance (which 
depends on and electronegativity when other e lectronic  character- 
i s t i c s  a.re constant). Essentially,  these r e su l t s  confirm tha t  for  
s i m i l a r  systems, i depends on those charac te r i s t ics  which determine 
the  strength of the M-H bond. 

log io on t h e  heat of adsorption of atomic hydrogen, but experimental 
evidence of the e f f ec t  of the  preexponential fac tor  i n  the  rate ex- 
pression i s  not at  present available.  

Electrocatalysis i n  Other Systems 

Riietschi and Delahay (63) have examined Hickling and Hill's (64) 
oxygen evolution overpotential  data in terms of the  s t rength of the 
M-OH bond, using arguments similar t o  those f o r  the hydrogen evolu- 
t i oh  electrode. The rate-determining s t ep  f o r  t he  oxygen evolution 
react ion i n  acid solut ion i s  generally accepted t o  be the  water dis- 
charge react ion (65,66). 

The r e s u l t s  obtained again show the  dependence of r a t e  

The general picture  tha t  emerges i s  an approximate dependence of 

s + GO - S-OH + H+ + e- 

where S is  an ac t ive  surface s i te  on the  (oxidized) metal surface. 
On this basis, the  heat of act ivat ion of the oxygen evolution reaction 
should depend on the  s t rength of the S-OH bond. 
( 6 3 )  assumed tha t  this could be equated t o  the  bond s t rength of the  
metal hydroxide, which i s  reasonable i n  view o f  the f ac t  t ha t  at 
oxygen evolution potentials,  metal l ic  electrodes are always covered 

L stroms on P t  (67) .  

examined ethylene oxidation i n  acid solut ion on a series of noble 
metals and al loys.  The latter workers established tha t  a volcano- 
type relat ionship existed when log i at constant overpotential  w a s  
p lo t ted  against d- o r b i t a l  vacancies o r  Ls. 
of magnitude pos i t ive  change i n  i w a s  noted i n  going from Au t o  P t ,  
with a fur ther  negative change of approximately three  decades through 
iridium, rhodium and ruthenium t o  osmium. 

Ethylene oxidation w a s  shown t o  have a negative react ion order 
on platinum, and t h i s  w a s  in terpreted by postulating that increasing 
ethylene coverage reduces.the coverage of adsorbed OH rad ica ls  on t h e  
electrode (13). The OH i s  derived from the  oxida t im of water, and 
i s  d i r ec t ly  involved i n  the  chemical rate-determining step.  This rate ,  
on the ascending side of the  volcano, i s  controlled by increasing metal- 
adsorbate bonds, whereas in the descending side the major influence i s  
i n  the preexponential term of  the rate expression - t ha t  is, the de- 
creasing coverage of ethylene i n  the face of increasing -0 or  -OH 
ads orp t ion. 

m e t s c h i  and Delahay 

i t h  a super f ic ia l  oxide layer, which reaches a thickness o f  several  

Dahms and Bockris (IS), and Kuhn, Wroblowa and Bockris (14) have 

Approximately two orders 
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A process of t h i s  type indicates a spec ia l  case of  e lectrocatalysis  

where inc reas im rate as the metal-adsorbate bond-strength increases 
i s  compensated hv decreasing coverage due t o  competitive adsorp- 
t ion .  'l'hls e m  would be expected t o  be even more marked under we  
Temkin conditions of adsorption, where the  strength of the metal- 
adsorbate bond f a l l s  as the t o t a l  coverage of t he  adsorbate increases. 

Oxygen Reduction on Phase Oxide-Free Precious Metals i n  Acid Solution 

Recent work i n  this laboratory on the oxygen reduction reaction 
carried out on a range of precious metals and al loys i n  85% orthophos- 
phoric acid solut ion under high puri ty  conditions indicates  tha t  
init ial  electron transfer t o  an adsorbed oxygen molecule i s  r a t e  
determining on Group I b  and Group VI11 metals and alloys, provided the 
metal surface w a s  i n i t i a l l y  i n  the  reduced condition - t h a t  is, it 
car r ied  no phase oxide. 

ton, thus:  
I n  a l l  probabi l i ty  the rate-determining s tep  a l so  involves a pro- 

S + O2 + H+ + e- + S02H 

This is i n  agreement with pH dependence work carried out on p l a t i -  
num electrodes i n  dilute perchloric acid a t  constant ionic  strength 
(68) and is i n  general  agreement with mechanisms suggested fo r  other 
metals in acid e l ec t ro ly t e  (69,70). A t  potent ia ls  above about 800 mV 
on plathum, 650 mV on rhodium, and 750 mV on palladium, intermediate 
coverages of absorbed oxygenated species derived from water oxidation 
a r e  present on these metals (71,72,73). The coverage of these species 
is linearly potent ia l  dependent, and can be approximately described by 
the  Temkin isotherm (72,73). On i r i d ium (73) , ruthenium (74), and 
osmium (75), high coverages of oxygenated compounds are present, and the 
coverage-potential re la t ionship  seems t o  be more nearly langmuirian. 
On gold, very l o w  coverages of the  oxygenated compounds are noted (71), 
and again the appropriate isotherm i s  Langmuirian. 

The rate of t h e  forward react ion i n  oxygen reduction may be written 

where e *  i s  the coverage with molecular oxygen, k, i s  metal indepen- 
dent, AG 
product (S02H), h G r  is  the  standmd free energy of adsorption O f  oxygen 
molecules, and ,9 is the symmetry factor .  It  i s  assumed t h a t  t he  stand- 
a r d  s t a t e  for  Q i s  0 = 1/2. I f  AG and hGr a r e  not po ten t ia l  dependent 
( t h a t  is, the Langmuir isotherm appl ies) ,  the Tafel slope f o r  this 
process will be 2RT/F, i f  ,9 = 1/2. This is experimentally observed 
on gold, s i l v e r ,  osmium, ruthenium, and iridium. 

is  the  standard free energy of adsorption of the  reaction P 

P 
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0xygenated.compounds are adsorbed on the  electrode according t o  
an equilibrium of t he  type (5,68) 

s + &o S-OH + H+ + e-* 

The equilibrium condition f o r  t h i s  react ion i s  

where again e *  i s  the  coverage of molecular oxygen by d i rec t  
absorption, A G o H i s  the  fYee energy of adsorption of -OH, and k i s  a 
metal- independent constant. 

If we assume e *  t o  be small compared w i t h  e i n  the  intermediate 
coverage range (0.2 < 8 < 0.8) where Temkin adsorption might be ex- 
pected t o  apply, with e/l-e approximately constant i n  t h i s  range of 
8, we can wri te  

log [H+] + A G ~ , ,  RT = F ~ / R T  + const. (16)  

If we assuple tha t  the  heat of adsorption of 02H i s  s imilar ly  affected 
(68) by the  changes i n  coverage, and heat of adsorption of OH, then 
with p = 1/2, and subst i tut ing Equation 16 i n  Equation 14 we 
obtain 

i a [ Po21 [ PI exp [-F@/RT) (17) 

which is  in agreement w i t h  experimental data on platinum (68), 
palladium and rhodium. 
e *  i s  small, and AGr i s  small and independent of changes i n  e ) .  Under 
Temkin conditions of adsorption of -OH t he  e f fec t ive  rate constant o f ,  
the react ion falls as 8, hence potential ,  r i s e s  and the reaction can 
be considered t o  be progressively poisoned by adsorbed oxygen atoms o r  
OH radicals .  

It i s  of i n t e re s t  t o  consider the  type of r e l a t ion  we would expect 
between the  forward react ion r a t e  of the reduction react ion and AG 

Assuming that molecular oxygen i s  adsorbed following the  Langmuir 
isotherm, we can wri te  

This equation assumes that e *  a p02 ( tha t  is, 

P' 

where 1 - e *  - 0 i s  the  available a c t i v i t y  of  vacant metal s i t e s .  

Hence, from Equations. 18 and 15 , at constant p02, &O and €i+ 

e *  = ek-I exp (AGO" - AG, - Fo)/RT ( 1 9 )  

* The S-OH i s  probably oxidized further t o  S-0, but t h i s  causes no 
f'urther change i n  the  t o t a l  coverage. 
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From Equation 15 , assuming tha t  8' i s  small compared wLth 8 

k exp (3 - AG,&/RT 
1 + k exp (Fa - AGO e =  

-on Eqilations 11; , 19 , ana 20 assuming 6 = 1/2 

exp - AGJ2RT exp - A G d 2 R T  
1 + k exp (3 - A G ~ ~ ) / R T  - - a  exp - F@/RT 

Ls A:: 
sorption of 0;;) shovld change by similar amounts from metal t o  metal, 
Equation 2 1  can be wri t ten at constant 8 

( f r e e  energy of adsorption of  O2H) and A G ~ ~  (free energy of ad- / 

P 

exp - AGJ2RT exp - AC&hRT 
+ k exp - AG,y/RT i a l  

. -:.is expression agafn has a maximum at AGoH = 0; increasing w i t h  
A? f o r  AGO,, > C, and decreasing f o r  AGoH < 0. 

E-Derimental Data on O>T;xen Reduction 
I 

F Figures  1-5 show data for  a range of metals and al loys f o r  the 
o,xygen reduction reactior- of 855 orthophosphoric acid. 
a r e  observed when i ( at 25OC) -at a poten t ia l  of 800 mV with respect 
t o  a hydrogen electrode i n  t h e  same solut ion a r e  plot ted a a ins t  metal 

', paameters  tha t  are known t o  influence heat of adsorption TI&, d- 
o r b i t a l  vacancies, 5 d charact.er). I n  addition, a p lo t  of i against  
t h e  heat of adsorption of the oxygenated react ion intermediate i s  
s h OWE. 

Volcano p lo ts  

I 

The latter has been calculated r e l a t i v e  t o  the  value f o r  gold, 
a s s m i %  t h a t  Paulings' equation fo r  heat of adsorption holds f o r  
the  adsorbed product I n  the  rate-determining s t ep  (-02H) and assuming 
that the electronegat ivi ty  of oxygen i n  the  adsorbate can be put 
equal t o  3.5. 

a r e  included here f o r  a range of pJatinum-ruthenium a l loy  electrodes.  
I n  t h i s  case, each parameter plot ted has been assumed to be d i r ec t ly  
6epe-xient on t h e  a togic  composition of t he  so l id  solut.ion. 

Publlshed polar izatfon data 3n platinum-rhodium al loys i n  d i l u t e  
sulf'uric ac id  (79) xake it appear t h a t  they could be accornodated 017 
th? risiQ- side of t h e  volcano i E  the  sale way as t?ie Pt-Ru al loys . 
and similarly, data on tke platkun-gold and palladium-gold al loys (60) 
sumest  tk t  t h e y  woulc fa l l  on the  opposite s ide  of t h e  volcano. 

Electrone a t i v i t y  values f o r  t h e  metals are derived 
froin Cardy m d  Thomas ( 7  E ) and Ls values a r e  fron 93nd (76). D a t a  
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I n  the present work it w a s  possible t o  compare the  heat of activa- 
t i o n  measured fo r  each metal or  a l loy  system w i t h  a calculated value 
( r e l a t ive  t o  platinum).? 
Pauling's equation r e l a t i v e  t o  that fo r  platinum w a s  subst i tuted i n  
Equation 14 , assuming p = 1/2, and ignoring changes i n  AGr over the 
series of metals. A p lo t  of this value against  experimental act ivat ion 
energy at 7)  = -460 mV i s  shown i n  Figure 6.  For the materials exhibiting 
Temkin adsorption ( P t ,  Rh, Pd and some Pt-Ru a l loys)  a small correction 
had t o  be made t o  the experimental energy of act ivat ion because of t he  
d i f fe ren t  value of the Tafel slope under those conditions. Horizontal 
l i n e s  on the plot indicate  the uncertainty i n  the  calculated values of 
heat of act ivat ion corresponding t o  h 0 . l  u n i t  uncertainty i n  metal 
electronegativity,  whereas v e r t i c a l  l i nes  are estimated experimental 
uncertaint ies  i n  heats of act ivat ion.  It can be seen tha t  a satis- 
factory agreement exists between calculated and experimental values, 
thus confirming e a r l i e r  suppositions tha t  this should be the case. 
It should be noted tha t  no sa t i s fac tory  correlat ion was obtained f o r  
s i l ve r ,  whose Pauling electronegat ivi ty  (1 .9 )  predicts  a much higher 
bond s t rength than would seem t o  be the case here.* 

i n  the  rate over t he  series of metals studied m e  due t o  changes i n  
preexponeritial factors  ra ther  than i n  heat of adsorption. I n  Figure 
7,the experimental value of the preexponential fac tor  f o r  each metal 
o r  a l loy  has been plot ted against t he  experimenta; heat of activation;, 
For the  Group VI11 metals and al loys a very good compensation e f fec t  
i s  exhibited with the preexponential fac tor  increasing over more than 
f ive  decades from osmium t o  platinum. Gold and s i l v e r  have similar 
preexponential values, but subs tan t ia l ly  greater  heats of adsorption, 
than those on platinum. mom Equations 19 and 20 , assuming bGr 
not t o  vary subs tan t ia l ly  over t he  series of metals examined (as 
implied i n  Figure 6 ) ,  t he  coverage of molecular oxy en e *  can be 
expected t o  be proportional t o  (1 + k exp - AGO,,/RTy? It w i l l  
therefore  be low f o r  metals of high negative AGO,, ( e .  g., osmium), and 
will rise as AGO, increases.  The rise will be slow, however, after 
AGO,,- 0 (platinum). A t  least pa.rt of the var ia t ion i n  preexponential 
factors  may be explained i n  t h i s  manner. It i s  a l so  apparent tha t  t he  
entropy of the adsorbate may not be metal-independent, but may depend 
on t h e  heat of adsorption. The experimental values of the  preexponen- 
t i a l  fac tor  on platinum, pa l l ad ium,  gold, and s i l v e r  are high - o f  
t h e  same magnitude as those calculated by Parsons (55) f o r  mobile 
adsorbates i n  the  hydrogen reaction. Thus, it i s  probable that the 
loosely bound adsorbate on these metals i s  r e l a t ive ly  mobile. In- 
creasing heat of adsorption on going from platinum t o  osmium should 
decrease adsorbate mobility so  that the  adsorbate entropy, hence t h e  
standam3 f r e e  energy of the act ivated complex, i s  decreased. 

$ The observed difference between the a c t i v i t i e s  of gold and s i l v e r  i n  
acid and a lka l ine  solut ion is  very striking. 

t The absolute value of the 02H bond strength cannot be determined, as 
the  Dx-x value - that is, the strength of the 0-0 bond i n  a hypothetical 
diperoxyl compound - is indeterminate. 

The S-02H bond strength (AG ) calculated from P 

It i s  c l ea r  that fo r  t h i s  electrode system, the  major differences 
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Summe;trv and Application t o  Fuel Cells 

It thus appears that  the  oxygen electrode react ion i s  thermodynam- 
i c a l l y  l imi t ed  on the noble metals. Preexponential factors  o f  the 
rate-determining oxygen reduction reaction are close t o  those of t h e  
hydrogen electrode reaction, but heats of act ivat ion are very much 
higher. Attempts t o  reduce the heats of  ac t iva t ion  by increasing 
the heat of adsorption of react ion intermediates simply r e su l t  i n  
lowered rates due t o  compensating changes i n  the  preexponential 
factor .  The rate of the oxygen electrode react ion under Langmuir 
adsorption conditions is  an ascending and descending function of the 
standard free energy of adsorption of -02H (o r  similar oxygenated 
species), with a maximum when this quantity is  equal t o  zero. 
occurs approldmately at platinum as i s  the case f o r  -H i n  the hydro- 
gen electrode reaction. Consequently, it seems t o  be highly improbable 
that  the  rate constants of the oxygen reduction mechanism on the  
noble metals i n  acid solut ion can be subs tan t ia l ly  increased from 
present levels .  
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Figure 1. 02 Reduction i n  85$ Orthophosphoric Acid: Plot of i a t  

% & - o d e  Metal. 
from Bond (77):)  

-460 mV at 2 5 O C  Against Latent Heat of Sublimation .of 
(Latent heat o f  sublimation values a re  

d-BAND VACANCIES 

Figure 2. 02 Reduction i n  85% Orthophosphoric Acid: Plot  of i a t  
-460 mV at 25OC Against +Orbital Vacancy Value o f  

% l k t r o d e  Metal. 
18. 
same as that f o r  ruthenium and i ron . )  

(For d-orbi ta l  vacancy values, see R e f .  
The value f o r  osmium has been considered t o  be the 
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Figure 6 

< .  

02 Reduction i n  85% Orthophos horic Acid: Plot of Experimental 
Hea t  of Activation (at q = - 4 h  mV) Against Calculated 
Value (Relative t o  P t ) .  
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Figure 7. 02 Reduction i n  85% Orthophosphoric Acid: Plot of Experi- 
mental Heat of Activation (at q = -460 mV) Against Preex- 
ponential  Factor. 
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EFFECT OF ADSORPTION OF NEUTRAL AND IONIC SPEC& ON THE 

ABSTRACT 

The k i n e t i c s  of e lectrochemical  reduct ion  of oxygen a t  platinum e l e c t r o d e s  is 
s e n s i t i v e  t o  t h e  presence of sur face-ac t ive  substances i n  s o l u t i o n .  
t h e  e f f e c t  of anions and of organic  substances i s  p a r t i c u l a r l y  pronounced whi le  i n  
a l k a l i n e  s o l u t i o n s  heavy-metal ions produce the most s t r i k i n g  e f f e c t s .  Adsorption 
from a c i d  s o l u t i o n s  has  received cons iderable  a t t e n t i o n  over t h e  p a s t  decade b u t  few 
d e t a i l e d  s t u d i e s  have been performed i n  a l k a l i n e  s o l u t i o n s .  
t i o n s ,  t h e  sur face  of a "clean" p o l y c r y s t a l l i n e  plat inum e l e c t r o d e  w a s  charac te r ized  
i n  KOH s o l u t i o n s  by means of  voltage-sweep techniques,  Time e f f e c t s  were s t u d i e d  a s  
a func t ion  of s o l u t i o n  p u r i t y  and as a func t ion  of cont ro l led  a d d i t i o n s  of  carbonate 
and o t h e r  common Contaminants. 
thermodynamics of heavy-metal ion  adsorpt ion.  

In a c i d  s o l u t i o n s ,  

I n  the present  invest iga-  

Prel iminary s t u d i e s  were made of  the  k i n e t i c s  and 
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In t roduct ion  

A problem common t o  the developnent of f u e l  c e l l  e l ec t rodes  and t o  the  evalua- 
t i o n  of c a t a l y s t s  has always been t h e  d i f f i c u l t y  of separating t h e  e f f e c t s  of t h e  
e lec t rode  s t r u c t u r e  from the more fundamental l i m i t a t i o n s  imposed by the  i n t r i n s i c  
a c t i v i t y  of  t h e  p a r t i c u l a r  c a t a l y s t .  
t h e o r e t i c a l l y  by assuming a model. The cu r ren t -po ten t i a l  curves f o r  ce r t a in  porous 
e lec t rodes  can be predic ted  i f  t h e  k i n e t i c s  of t h e  e l ec t rode  process, t h e  d i f f u  ion 
coe f f i c i en t s  and i o n i c  m o b i l i t i e s  a r e  known. 

t h e  bas i c  validity of t h e  model used i n  these  treatments.(k) 

I n  t h e  pas t  t h e  problem has been attacked 

s t h e o r i e s  have been developed?l,2) 
for t h e  Teflon bonded gas  d i f f u s i o n  electrode.BY There can be l i t t l e  doubt about I 

The usefu lness  of such theo r i e s ,  however, is severe ly  l imi t ed  if ,  4s  is of ten  
t h e  case, t h e  k i n e t i c s  of t h e  e l ec t rode  process is not w e l l  known. To ca l cu la t e  
t h e  k i n e t i c  parameters from t h e  o v e r a l l  po la r i za t  o curve of a porous electrode 
has  been apparent ly  beyond previous c a p a b i l i t i e s . t 5 7  A s  a r e s u l t ,  i n  many instances 
n e i t h e r  t h e  i n t r i n s i c  e l e c t r o c a t a l y t i c  a c t i v i t y  of t h e  c a t a l y s t  nor t h e  s t r u c t u r a l  
d e t a i l s  of a given e l ec t rode  could be determined from experiments with such porous 
electrodes.  This was e s p e c i a l l y  t r u e  f o r  t h e  reduction of oxygen a t  Teflon bonded 
e l ec t rodes  ca ta lyzed  with platinum black. 

depending s t rong ly  on pre t rea tment  and t r ace  impur i t ies  i n  t h e  e l ec t ro ly t e .  

I 

The k i n e t i c  parameters f o r  t h i s  reac t ion  
are poorly known, w i t h  t h e  repor ted  data applying mostly t o  smooth platinum and / 

We have s tudied  t h e  reduct ion  of oxygen a t  platinum catalyzed Teflon bonded 
A procedure was porous e l ec t rodes  i n  aqueous so lu t ions  of KOH, H2SO4 and H3PO4. 

used which produced cu r ren t  p o t e n t i a l  curves e s s e n t i a l l y  f r e e  of i n t e r n a l  i R  losses  
so t h a t  k i n e t i c  parameters f o r  t h e  electrochemical reac t ion  could be obtained. 

Experiment a1 

Methods 

The i n t e r n a l  i R  l o s s  of a porous e l ec t rode  should become negl ig ib le  f o r  low 
c a t a l y s t  loadings L, i.e.,  f o r  t h i n  electrodes.  A p l o t  of I, t h e  cur ren t  per 1 
cm2 of e lec t rode  a rea  a t  cons t an t  po ten t i a l ,  versus t h e  loading should, a t  low 
values of L, y i e l d  almost s t r a i g h t  l i n e s .  The i n i t i a l  slope of these  curves i 
(dI /dL)La  (ma/mg) r ep resen t s  t h e  cur ren t  per 1 mg of c a t a l y s t  loading without 
i n t e r n a l  i R  loss. 
e r a t e s  i s  not  excluded. 

The gas  concent ra t ion  overvoltage within t h e  c a t a l y s t  agglom- 

These iR-free da t a  were then  r ep lo t t ed  a s  log i versus t h e  potent ia l .  At  
small values of  i t h e  concent ra t ion  overvoltage now becomes negl ig ib le  and the  
p l o t s  y i e ld  t h e  exchange cu r ren t  (pe r  1 mg of c a t a l y s t )  and t h e  Tafe l  slope f o r  
t h e  electrochemical react ion.  

As an independent check t h e  osc i l lographic  p o t e n t i a l  decay curves were ana- 
lyzed i n  a few ins tances  where t h e  i n t e r n a l  i R  loss could be assumed t o  be negli-  
gible .  
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Electrodes 

It i s  e s s e n t i a l  f o r  t h e  procedure j u s t  ou t l i ned  t h a t  e l ec t rodes  be made in  
such a Way t h a t  a change i n  t h e  loading does not produce a q u a l i t a t i v e l y  d i f f e r e n t  
s t ruc tu re .  I d e a l l y  only  t h e  e lec t rode  th ickness  should vary. The experimental 
results ind ica t e  c l e a r l y  whether one i s  successfu l  i n  t h i s  undertaking. 
we know of no method which w i l l  p red ic tab ly  produce t h e  des i r ed  r e s u l t s .  

However, 

It was found t h a t  a number o f  d i f f e r e n t  methods produce s a t i s f a c t o r y  elec- 
t rodes .  The kind used i n  t h i s  work were t h e  easiest t o  make and t h e  most r e l i ab le .  

A l aye r  o f  Teflon (TFE 30, approximately 1 mg/cm2) was sprayed on aluminum 
f o i l .  
a t h i n  porous sheet of Teflon. 
black and 30 W$ TFE 30. 
f a l l i n g  o f f  a t  higher and lower values.  
d i f f e r e n t  Teflon conten ts  t o  g ive  maximum performance.) The Pt black  was a product 
of Engelhard Indus t r i e s  and had a s p e c i f i c  surface area of 24 m2/g. 
Teflon l aye r  was air  d r i ed  and then  l i g h t l y  compacted with a r o l l e r  pressed down by 
hand. A curren t  co l lec-  
t o r  screen was pressed l i g h t l y  i n t o  t h e  c a t a l y s t  layer.  
pure n i cke l  ( f o r  experiments i n  KOH) or gold  p l a t ed  tantalum ( f o r  ac ids ) .  F i n a l l y  
t h e  aluminum f o i l  was disso lved  by treatment wi th  t h e  respec t ive  e l e c t r o l y t e  to be 
used. 

This l a y e r  was a i r  dr ied ,  vacuum d r i e d  and subsequently s i n t e r e d  t o  produce 
Upon t h i s  l a y e r  was sprayed c a t a l y s t  containing Pt 

A t  t h i s  Teflon conten t  t h e  maximum performance w a s  obtained, 
(Di f fe ren t  Pt blacks  sometimes requi re  

The catalyst/ 

Subsequently t h e  e lec t rode  was vacuum d r i e d  and s in te red .  
The screen  m a t e r i a l  was 

The e lec t rode  was washed wi th  d i s t i l l e d  water and d r i e d  at 120OC. 

Apparatus 

The measurements were made with t h e  apparatus depic ted  i n  Figure 1. 
elec t rodes  were mounted i n  a screw cap holder and cur ren t  p ick  up w a s  made v ia  a 
platinum ring i n  contac t  w i th  t h e  cur re  t c o l l e c t o r  sc reen  of t h e  ele t ode. 
e lec t rode  holder  was made of P lex ig las  tal f o r  use i n  KOH or  of Lexantbf f o r  use i n  
t h e  ac ids .  

The tes t  

The 

The reference was a hydrogen e lec t rode  used i n  conjunction with a Luggin 
c a p i l l a r y  of t h e  design shown i n  Figure 2. 
were t r i e d  but ,  a t  high cu r ren t  dens i t i e s ,  gave poor r e s u l t s .  

Other designs than  t h a t  i n  Figure 2 

The c e l l  was a 500 ml j acke ted  g l a s s  r eac t ion  k e t t l e .  The temperature was 
cont ro l led  by means of a n  e x t e r n a l  c i r c u l a t i n g  constant temperature bath.  
grade chemicals were used without f u r t h e r  pu r i f i ca t ion .  

Reagent 

Electrode po la r i za t ions  w e r e  measured ga lvanos ta t i ca l ly  employing two 1 2  v o l t  
b a t t e r i e s  of high capac i ty  (automobile type)  i n  series and va r i ab le  r e s i s t ances  i n  
series with c e l l  and b a t t e r i e s .  The ex te rna l  i R  loss  between e l ec t rode  sur face  and 
opening of Luggin capillary was determined f r o m  osc i l l o scop ic  poten t ia l - t ime traces 
on tu rn ing  t h e  cu r ren t  on and o f f .  
f o r  t h i s  purpose. .The h ighes t  cu r ren t s  used were e s t ab l i shed  with t h i s  s e tup  i n  
less than  approximately l p  second. The t i m e  t r a c e s  were measured with an  osc i l -  
loscope(d) i n  conjunction with a camera. 

A r e l a y  with mercury wetted con tac t s ( c )  was used 

m r i m e n t a l  Procedure 

In  Figure 3 t h e  e x t e r n a l  iR-losses measured when t h e , c u r r e n t  i s  turned on (x) 
(a)Product of €?oh and H a a s .  
(b)Product of General E l e c t r i c  Company. 
( C ) P o t t e r  and Brumfield, JMP 8120 12. 
(d)Tektronix, Model 561A with plug-in u n i t s  JA7 and 3B3. 
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and an t.urning it o f f  ( 7 ' )  zre p l a t t e d  2s a function of t h e  cur ren t .  
5 minutes elapsed betwee; t h e  t v o  measurements. 

geme t ry .  

Approximately r The p l o t  o f  1 s  l i n e a r  and t h e  
slope ec;uels t h a t  ca lcu lz t - .d  from t h e  e l e c t r o l y t e  conductance T j . * -  o r  ,,his p a r t i c u l a r  

The p l o t  i s  not l i n e a r  f o r  
cur ren ts .  This dev ia t ion  is due o t h e  changes i n  temperature and e l e c t r o l y t e  con- 
c i n t r a t i o n  i n  f r o n t  3f t h e  e lec t rode .  

va lues  of which fa l l  below t h e  l i n e  a t  high 5 
By t h i  time t h e  e l ec t rode  po la r i za t ion  i s  e s t ab l i shed  t h e  ex te rna l  iR-loss has 

change-'. 
3'7s is in t ro iucrd :  t n e  cancent ra t ion  chznge a l s o  r e s u l t s  i n  a l i q u i d  junction 
p t c n t i a l  ED end a pH drop  between c a p i l l a r y  t i p  2nd electrode. 
slawly and are ,  t he re fo re ,  not e l imina ted  with t h e  i R  measurement. I n  order  t o  
e l imina te  these  ex te rnc l  non-ohmic p o t e n t i a l  drops one would use t h e  i n i t i a l  value 
TQ ra ther ,  thar. t h e  value on cur ren t  i r , t c r rupt ion  ($). 
we be l i eve  t h a t  t h e  e r r o r  due t o  these  sources i s  considerably smal le r  than  t h e  
e r r o r  caused by t h e  temperature change. 
co r rec t  f o r  t h e  ex te rna l  i R  loss. 

By using t h e  f i n 2 1  value ( - I )  t h i s  e f f e c t  i s  eliminated. However, another :'a 
Both e f f e c t s  decay 

Eased on past experience(6) 

We the re fo re  used t h e  f i n a l  value $ to  

The compromise necessary  f o r  co r rec t ing  t h e  po la r i za t ion  da ta  introduces an 
unavoidable e r r o r  which, however, becomes s i g n i f i c a n t  only a t  very high cur ren t  
d e n s i t i e s .  

The electrodes'  were prepolar ized  a t  low p o t e n t i a l s  t o  remove t h e  i n i t i a l  
oxygen coverage from the  platinum surface.  The e l ec t rode  was then  allowed t o  
d r i f t  back t o  1000 nV a f t e r  which t h e  measurement was made. 

Resul t s  and Discussion 

The experimental  r e s u l t s  obtained f o r  85% H p 4  z t  12OoC are presented i n  
Figure 4 and Figure 5 f o r  a i r  (1 atm) and Figures 6 and 7 f o r  oxygen (1 atm). 
Within t h e  experimental  r e p r o d u c i b i l i t y  t h e  curves a r e  l i n e a r  below c e r t a i n  load- 
ings. 

S imi l a r  da t a  were measured f o r  30% KOH at 7OoC, f o r  20% H$O4 a t  7OoC and for 
50% H j F Q ~  a t  70°C, a l l  f o r  a i r  (1 atm) and f o r  oxygen (1 atm). 
t h e  sane gene ra l  p a t t e r n  2s those  i n  Figures 4 t o  7. 

The data follow 

Within t h e  i n i t i a l  approximately l i n e a r  por t ion  of t hese  curves t h e  i n t e r n a l  
i R  loss i s  very  small, c e r t a i n l y  smaller than  t h e  r ep roduc ib i l i t y  o f  t h e  r e su l t s .  
This  means t h a t  the  p o t e n t i a l  was t h e  same for every c a t a l y s t  p a r t i c l e  i n  t h e  e lec-  
t r o d e  and it i s  phys ica l ly  meaningful t o  normalize t h e  da t a  by d iv id ing  t h e  observed 
c u r r e n t s  by t h e  ca t a lys t  loading. me resulting s p e c i f i c  cu r ren t  (per mg of cata- 
l y s t )  i s  propor t iona l  t o  t h e  t r u e  cu r ren t  dens i ty  at  t h e  P t - e l ec t ro ly t e  in te rphase  
i f  t h e  concent ra t ion  w e r v o l t a g e  i s  negl ig ib le ,  i.e., a t  low cu r ren t s  and e spec ia l ly  
on pure oxygen. 

. ,  

P l o t s  of s p e c i f i c  c u r r e n t s  versus t h e  p o t e n t i a l  are presented i n  Figures 8 and 
9. This aethod of p1ottir .g t h e  b t a  has t h e  edrar tage  t h a t  t h e  d i f f i c u l t i e s  
2 ic -ur te r -d  ir. e l i n i x t i ? g  t h e  e x t e r n a l  i F  drop et high cur ren t  d e n s i t i e s  ( I )  (per 
un i t  electrorln a rea)  ere l a r g e l y  evoided: q u i t e  l a r g e  spec i f i c  cu r ren t s  ( i )  can be 
obte ined  a t  13.; o v e r e l l  c u r r e n t  3 e n s i t i e s  I i f  t h e  c a t a l y s t  loading i s  low. A t  t h e  
a t h e r  end af' t52 s c a k  prsb lens  smetimes occur stemming l a r g e l y  from t h e  increas ing  
i r f l u e n c e  cf i z p u r i t i e s  i n  t h o  e l e c t r o l y t e  ar. t h e  perfomance of -;pry lowly  loaded 
e l ec t rodes .  This problen i s  eliTix7-te5 by measuring t h e  small s p e c i f i c  cu r ren t s  a t  
h ignly  laded elec t?odes  2nd cor.sequuently f a i r l y  l a rge  e x t e r n a l  cur ren ts .  Under 

l-.r.~r r"-:i. of platir,.xz z :u~fzc r  t o  e l e c t r o l y t e  i n  t h e  e lec t rode  pores. 
. .  - -.. : _ _  r -. . cg.-.diti3::= i?~~rl-iez ir. :>e e l e c t r o l y t e  a r e  ine f f ec t ive  because of t h e  very 
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, The semi-logarithmic p l o t s  f o r  pure oxygen i n  H2SO4 and i n  KOH are l i n e a r  
.over such a wide cur ren t  range t h a t  we feel  j u s t i f i e d  i n  ca l cu la t ing  spec i f i c  
exchange cu r ren t s  and Ta fe l  slopes from t h e  curves i n  Figure 8. 
given i n  Table I. 

The r e s u l t s  a r e  

Table I 

Values f o r  i and b a t  Po2 = 1 a t m  obtained from steady s t a t e  data.  
0 

Elec t ro ly t e  Temperature b (mv) io (A/mg) io (mA/cm2)(a) e (mV)(7) 

30 W$ KOH 70°C 50 f 5 0.9 x 10’ 4 x 10’1O 1195 
20 W$ %so4 7OoC 64 f 5 1 10-4 4 10-10 1186 
50 W$ H PO4 7OoC 60 f 5 -1 10-4 -4 10-lo 1175 
85 W$ $Po4 12oOc 60 f 5 -1 x 10’ -4 x 10-10 1191 

2 (”Using 24 m /g f o r  s p e c i f i c  sur face  a r e a  of t h e  Pt black. 
value based on BET and hydrogen s t r ipp ing  experiments. 

This 

Included i n  Table I are values for H3PO4 although t h e  da t a  i n  Figure 8 are not 
s u f f i c i e n t  t o  accu ra t e ly  ex t r apo la t e  t o  equi l ibr ium po ten t i a l .  I n  H3PO4 t h e  con- 
cen t r a t ion  overvoltage becomes not iceable  a t  r e l a t i v e l y  low cu r ren t s  even on pure 
oxygen. 

of t h e  curve‘ in  Figure 8 wi th  t h i s  value f o r  b. 

/ The k i n e t i c  data i n  t h i s  case were obtained by determining t h e  Tafel 
/ slope b from t h e  osc i l l o scop ic  t r a c e s  and then ex t rapola t ing  t h e  l o w  cur ren t  end 

1 
The T a f e l  slope was determined by assuming t h a t  t h e  e l ec t rode  capac i ty  C* i s  

We f u r t h e r  assumed that  p o t e n t i a l  independent below approximately 800 t o  850 mV. 
a t  not  t o o  l a r g e  cu r ren t s  t h e  concentration of oxygen a t  t h e  c a t a l y s t  sur face  i s  
approximately constant for a shor t  time after t h e  po la r i z ing  cur ren t  i s  in te r rupted .  
With these  assumptions we can i n t e g r a t e  t h e  equation f o r  t h e  cu r ren t  a f t e r  inter- 
ruption. 

3 

\ 
1 

-I 

I n  (1) i, i, and iF  are t h e  t o t a l ,  t h e  charging and t h e  Faradaic cu r ren t s  respec- 
t i v e l y ,  E i s  t h e  e l ec t rode  p o t e n t i a l  ( i R  free s ince  experiment i s  done within l i n e a r  
range of curves i n  Figures 4 t o  7), k is  a constant and b t h e  Tafel slope. 

I The i n t e g r a t i o n  of (1) y i e l d s  

( 2 )  E = % + b l o g  (% + t )  

2.3 kc 
b C* 

K1 = b l o g  

I$’--- b C* 2.3 E (t4) 
2.3 kc b 

By varying IC, u n t i l  t h e  p l o t  of log  (K2 + t) versus  E is a s t r a i g h t  l i n e  we can 
determine t h e  T a f e l  slope b as t h e  slope o f  t h i s  l i n e a r  p lo t .  

Furthermore we have 

b 
( 4 )  (g) t = o  = ‘2.303 14-, 
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The capac i ty  C" is then  given by 

( iF) t4  i s  equa l  t o  t h e  e x t e r n a l  cu r ren t  before  in t e r rup t ion .  
determine t h e  product k - c  from t h e  value of K 1  ( o r  K2). 
log (I$ -+ t )  versus E a r e  given f o r  t h e  following two cases: 

We can therefore  
In Figure 10 p l o t s  of 

(1) 20% %SO& (11) 85% ~ ~ ~ 0 4  

7OoC 120% 

i = 300 ma/cm2 

Po2 = 1 a t m  Po2 = 1 atm 

L = 4.9 mg Pt/cm 2 L = 4.9 mg Pt/cm 2 

i = 300 ma/cm2 

The parameters of t hese  curves (F igure  10) a r e  presented i n  Table 11. 

Table I1 

Determination of T a f e l  parameters from osc i l loscopic  E-t t r a c e s  
after cu r ren t  i n t e r r u p t i o n  f o r  experiments I and I1 above. 

i 
0 

K1 % b (dE/dt)t=O C" kc 

' (mv) (m sec )  (mV) (Volt/sec) (pF/cm2) (ma/cm2) (A/cm2) 

I1 ( e b )  760 2 - 5  57 9.90 30.3 1.6 x 10 4.3 x 10 
84.3 9.77 lol6 13 1.1 I (H SO4) 766 8.0 66 7-56 

The d a t a  i n  Table I1 a r e  r e f e r r e d  t o  1 cm2 external e lec t rode  area.  The value f o r  
t h e  exchange cur ren t  i n  H2SO4 i s  f o r - s a t u r a t i o n  concentration a t  Po, = 1 atm since 
t h e  concentration overvoltage i n  t h i s  case was neg l ig ib l e  (see Figure 8). 
t h e  value 24 m2/g f o r  t h e  s p e c i f i c  surface a r e a  of t h e  c a t a l y s t  black w e  have f o r  
t h e  t r u e  exchange c.d. io = 1 x A/cm2. The agreement with the s teady  s t a t e  
da t a  (Table I) i s  s a t i s f a c t o r y .  

Using 

The value for  io i n  Table I1 for H3PO4 i s  of l i t t l e  value because it r e f e r s  
t o  an unknown value f o r  t h e  oxygen concentration which, however, by evidence of 
t h e  curve i n  Figure 8 was l e s s  than  t h e  s o l u b i l i t y  a t  Po2 = 1 atm. 

111. 

on smooth platinum &n-jaces i n  highly pu r i f i ed  e l e c t r o l y t e .  

Additional data, a l s o  obta ined  from osc i l loscope  t r aces ,  a r e  l i s t e d  i n  Table 
The agreement wi th  t h e  s teady  state r e s u l t s  aga in  i s  sa t i s f ac to ry .  

The data f o r  H PO i n  Table I agree  with those  from experiments 

Table I11 

Tafe l  slopes determined from osc i l loscope  t r a c e s  f o r  Po2 = 1 atm. 

Temp. L i b 

E lec t ro ly t e  (OC) (ms; W e n 2 )  ( d c m *  ) (mv) 
30% KOH 70 6.0 a40 50 
3% KOH 70 3.9 840 5 1  

70 6.0 loo0 67 
2% H2so4 70 3.9 1000 70 
2% H2so4 
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Curves such 2s those i n  Figures 8 and 9 hnve proven very use fu l  i!i campaying 
d i f f e ren t  c a t a l y s t s .  
curves l i k e  I1 ir.  Figure 8. 
work as reductior. i r .  c a t a l y s t  loading or agglomerate s i z e  where progress can be 
seen c l e a r l y  by conparing s u i t a b l y  reduced d a t a  with those  i!i Figures 8 or 9. 
d a t a  a l s o  ind ica t e  how f a r  any s t r u c t u r a l  improvements can poss ib ly  be ca r r i ed .  

Curves o f  t h i s  

For t h i s  purpose on? has t o  make elect!.3alis !<liicii y i c ld  
Other poss ib l e  appl ica t ion ;  ? x i s t  i i i  such development 

The 

The shape of t h e  curves f o r  KOH i s  of p a r t i c u l a r  i n t e r e s t .  
shape, with a sharp bend i n t o  a l i m i t i n g  currer.t a r e  not observed f o r  e l ec t rodes  
which do not have porous Teflon backing a t  t h e  gas  s ide .  
t h e  genera l  form usua l ly  expected f o r  a f la t  shee t  e l ec t rode  w i t h  a Nernst d i f fus ion  
l aye r .  
flooding of t h e  e lec t rode  caused by t h e  same process w h i c h ,  i n  t h e  absence of a 
Teflon backing forces  e l e c t r o l y t e s  out t h e  back o f  t h e  e lec t rode .  
t h e  e l e c t r o l y t e  increases  with t h e  cu r ren t  dens i ty  and produces nn increased  th ick-  
ness of t h e  e l e c t r o l y t e  f i lm  which covers t h e  porous c a t a l y s t  agglomerates. Thus 
t h i s  e l e c t r o l y t e  f i lm  depends on t h e  cu r ren t  dens i ty  and, at  high cur ren ts ,  sharp ly  
l i m i t s  t h e  cur ren t .  

The present  curves have 

W e  Se l ieve  t h a t  t h i s  behavior i s  t h e  r e s u l t ,  at least i.? part, of i n t e r n a l  

This force  on 
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SOME INFLUENCES OF ETRUCTLTRE IN FILM-TYPE OXYGEN CATHODES 

T. Kats 
Lockheed Palo Alto Research Laboratory 
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and 

E. A. Grens, I1 

Berkeley $?20 
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ABSTRACT 

Pleasurements were taken of t h e  performance of oxyFen elect-odes c o r d s t i n g  of  
beds of s i l v e r  spheres  o p e r a t i n g  i n  13.5 N KOH a t  950s. 
pos i t ioned  i n  a f i n e  s i lver  mesb, and s i lver  spheres  were added t o  t h e  gas s i d e  of 
t h e  mesh while  cons tan t  ca thodic  c u r r e n t  w a s  applied. 
i n  s i z e s  ranging from l h  t o  156 microns i n  dianeter, and e l e c t r o d e  thickness was 
gradual ly  i n c r e a s e d  t o  about  3000 microns. 
reaction occurs beneath a f i l m  coa t ing  t h e  walls of t h e  gas- f i l l ed  pores between 
t h e  spheres .  

Severa l  e f f e c t s  can b e  observed when such e l e c t r o d e s  are b u i l t  up. Increased  
performance i s  genera l ly  noted u n t i l  a c e r t a i n  th ickness  i s  obtained.  For  spheres  
K i t h  diameters  of about  156 and about 86 microns, i f  t h e  e l e c t r o d e  i s  made t h i c k e r  
than 800 IRicrons, l i t t l e  f u r t h e r  improvement i n  performance i s  found. However, as 
success ive ly  smaller sphere  s i z e s  a r e  used, t h e  i n c r e a s e  i n  performance expected 
for t h e  i n c r e a s e d  specific s u r f a c e  a rea  becomes o f f s e t  by another ,  d e t r a c t i n g  
inf luence .  
performance i s  found to decrease  with f u r t h e r  i n c r e a s e s  i n  thickness .  
m y  be a n  important  f a c t o r  i n  cons idera t ions  of e l e c t r o d e  d e s i g .  

The i n t r i n s i c  meniscus was 

C l a s s i f i e d  spheres  were used 

in t h e s c  e lec t rodes ,  t h e  electrochemical  

I As e l e c t r o d e  th ickness  i s  t h e n  built up beyond a c e r t a i n  thickness, 
( ' This e f f e c t  

\ 
i 



CATHODIC 0X"ICEX IGDUCTION ON COWT pHTHAGOCYAF?INE 

J. W t t ,  i.!. Vsgel, K. Routsis, znd S. Anderson 

Advanc-.d M z t r r i a l s  Research and Ikvelopnent Laboratory 
F'ratt & Whitney A i r c r a f t  

Middletom, Connecticut 06457 

Met21 phthe locya~in .?  complexes have bee --ported t o  h a w  e l e c t r o  5 - l y t i c  
-..ctivity f o r  oxygen reduct ia -  i n  both a c i d i c f l j - a n d  b a s i c  ele t olytesr2f--and a 
pa ten t  has been i ssued  f o r  t h e i r  use i n  f u e l  c e l l  e l e c t r o  es . f3f  Sin 0 t h e  s p e c i f i c  
conductanc? o f  zll phthalocyanines  i s  w r y  law, about lo-' ohm-' ~ m - ~ f G )  it has been 
t h -  p r x t i c e  t o  d isperse  these compour,ds i n  conductive supports  i n  order  t o  u t i l i z e  
t h e i r  c a t a l y t i c  x t i v i t y .  This  renders  it impossible t o  es t imate  t h e  t r u e  s p e c i f i c  
a c t i v i t y  o f  t h e  phthalocyanine sur face  o r  t o  decide whether t h e i r  a c t i v i t y  i s  l i m -  
i t e d  by t h e i r  seemingly p r o h i b i t i v e  r e s i s t i v i t i e s .  For example i f  one p o s t u l a t e s  a 
pb.thilocyanine surfzice which dmvs a cur ren t  o f  0.2 ma/cm*, i .e . ,  approximstely t h a t  
obtained from the  reduct ion of oxygen on platinum a t  800 mv, a c u r r e n t  path length  
of  1~ through the  phthalocyanine c r y s t a l  would cause an i n t e r n a l  r e s i s t a n c e  polar-  
i z a t i o n  of 2 v o l t s .  Under t h e s e  circumstances any p o l a r i z a t i o n  d a t a  obtained on 
phthalocyznine e lec t rodes  would r e f l e c t  t h e  e f f e c t i v e  e l e c t r i c a l  contac t  of  t h e  
phthalocyanine c r y s t a l  with t h e  conductive support r a t h e r  than t h e  t r a n s f e r  r e s i s -  
tarace of oxygen reduct ion an t h e  c e t a l y s t .  

! 

We have examined t h e  e lec t rochemica l  behavior  and a c t i v i t y  of  a number of  t h i n  
f i h s  of c o b a l t  phthalocyanine i n  order  t o  separa te  t h e  r e s i s t i v e  and charge t r a n s -  
f e r  components of oxygen reduct ion  and t o  eva lua te  t h e  t r u e  s p e c i f i c  a c t i v i t y  of  t h e  
phthalocyanine surface.  

m r i m e n t a l  Par t  

Cobalt phthalocyani e was prepared by t h e  reac t ion  of  cobal t  metal  with 2 
cyanobenzamide at 250°C.p5) 
c e n t r a t e d  s u l f u r i c  a c i d  and subl imat ion under vacuum. 
sublimed sample was i d e n t i c a l  t o  those  i n  t h e  l i t e r a t u r e .  

S e v e r a l  e l e c t r o d e s  w e r ?  prepared from t h i s  mater ia l :  

E )  

The product was p u r i f i e d  by p r e c i p i t a t i o n  from con- 
ThrGyis ib le  spectrum of t h e  

CoPc was disso lved  i n  concentrated H2S04, mulled with a d e s i r e d  amount of 
Colmbia  NPO Spectra  carbon o r  Shawinigan Black, and p r e c i p i t a t e d  o n  t h e  carbon by 
d i l u t i o n  i n  i c e  water. 
Teflon 30 dispers ion  and sprayed o n  Au p l a t e d  tantalum screen.  
press ing  c m p l e t e d  t h e  e l e c t r o d e .  

This  r e s u l t i n g  powder w a s  mixed with 30% b y  weight of 
S i n t e r i n g  and 

b )  CoPc w-s sukl ixed  o r t o  gold f o i l  under vhcuum to form film; v i t h  loadings 
of frz-. 0.05 t o  3.1 ng/cmc, altliough of .iarying uniformity o f  th ickness .  

c )  CoPc w a c  zdcortc:d o n  Columbia NCS Spectra  carbon from pyr id ine  so lu t ion .  
Adzorpt ion isoth 'Jzxs werr. 3 b t a i r e d  by mersur1r.g t h e  change i n  concent r a t i o n  of COPC 
i.. so lu i io!?  s~ctrophct5- .T. t r iC411y.  Conditions were chosen under which 2 monolayer 
;i ?:.t:.<.13Cy?ri"? ' J O U i C  f3.7 or. csrbor: end. ce t ; i lyz t r  were prowred  by f i l t e r i n g  
1.7.: csrbsr fro-. t h e  pyri5ir.e ~ o l u ~ i o r .  s f t e r  e j u i l i b r a t i o c .  The r e s u l t ' ?  powder 
-*LC : . ;~-cue t~d  a t  :O3c t o  rcm0.j.: t:-..: pyriai:.:: a?? 7 . o u r t ~ d  as t ; ! i n  l b y c r t i y  e l e c t r o d e s  
i'sr t e s t i r 4 .  

. . .  

E.sf2r-e th.- :?corIJtio:. = f  copc, s c ~ p l e z  s t  Columbia Reo Spec t re  carbon (1000 
? : / g )  W-F prctre?-t.;.d i n  three d i f f - r e n t  .~?:yz. 
3x755:: ta si./.> a:-. z c i z  s u r f a c e  whici., 3r. i i t r ? + i o r ,  v i t h  best: g2.r: 1,; m eq /g  Of 

The f i r s t  v a s  kezterl  a t  42OoC under 
. .  
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surface a c i d  species . (8)  
room temperature had a b a s i c  surface,  which had 0.5 :n eq/g of b a s i c  spccies .  
t h i r d  was t h e  i n i t i a l  un t rea ted  Columbia Ne0 Spectra carbon. 

The second, evacuated a t  400°C and exposed t o  oxygen a t  
The 

These e l e c t r o d e s  were examined var ious ly  i n  a f l o a t i n g  e lec t rode  c e l l , ( 9 )  a 
conventional t h r e e  compartment c e l l  with gold counter  e lec t rode  and platinum r e f e r -  
ence electrode,  and as submerged gas  e lec t rodes  i n  t h e  manner descr ibed f o r  t h e  t h i n  
l a y e r  e lec t rode . (7)  

-. 
1 

I 

\ 

Resul ts  and Discussion 

Screen Electrodes 

Screen e lec t rodes  were f i r s t  made by method ( a )  and parameters were var ied  to 
give t h e  b e s t  poss ib le  performance. For ins tance  mechanical mixing of t h e  phthalo- 
cyanine and carbon gave poor r e s u l t s  r e l a t i v e  t o  a c a t a l y s t  made by mulling c a t a l y s t  
and support i n  H2SO4. Furthermore, highest  a c t i v i t y  was d isp layed  by a c a t a l y s t  t o  
support weight r a t i o  of  about 1:l and t h e  h igher  sur face  a r e a  N e 0  Spectra  carbon 
(1000 rn2/g) proved super ior  t o  Shawinigan black (70 m2/g). mta f o r  t h e s e  compari- 
sons a r e  given i n  Table I and w e r e  obtained from f l o a t i n g  e l e c t r o d e s  i n  5% H3P04. 

' 

The e f f e c t  of each of t h e s e  var iab les  was such as t o  suggest t h a t  t h e  b e s t  
performance was  achieved when maximum e l e c t r i c a l  contac t  was e s t a b l i s h e d  between 
t h e  c a t a l y s t  and t h e  support. Thus t h e  high r e s i s t i v i t y  of t h e  s o l i d  phthalocyanine 
appeared t o  i i m i t  c a t a l y t i c  a c t i v i t y .  

The p o l a r i z a t i o n  curve for t h e  bes t  e l e c t r o d e  of Table I run i n  h a l f  c e l l  
conf igura t ion  i n  JO$ H2SO4 i s  shown i n  Figure 1. 
o f  t h e  CoPc w a s  not known, nor t h e  cont r ibu t ion  of  i n t e r n a l  r e s i s t a n c e  t o  polar iza-  
t ion ;  no c a l c u l a t i o n  of  t h e  i n t r i n s i c  a c t i v i t y  of  t h e  CoPc sur face  could be made. 

Since t h e  a v a i l a b l e  sur face  area 

Table I 

02 reduct ion 
w% COPC* Carbon m a  a t  mv- 

i n  Cata lys t  Powder support OCP 10 100 200 

30 Sh. Bk. 755 210 --- --- 
50 sh. Bk. 789 410 310 260 

Sh. Bk. 760 945 220 --- 
802 148 --- --- 70 

30 Sh. Bk." 
50 N. sp. 750 570 360 260 

Films of CoPc on Gold 

If t h e  major p o r t i o n  of t h e  p o l a r i z a t i o n  of phthalocyanine e l e c t r o d e s  were 
caused by t h e  i n t e r n a l  r e s i s t a n c e  then t h e  cathodic  reduct ion of oxygen on t h i n  
f i h s  o f  CoPc on gold would be  inverse ly  propor t ione l  t o  film th ickness .  As i s  
shown i n  Table 11 t h i s  e f f e c t  w i s  not observed f o r  films of phthalocyanine sublimed 
onto gold f o i l .  The cur ren t  d e n s i t y  a t  a given vol tage appearcd t o  be independent 
of  film thickness .  Moreover when a n  e l e c t r o n i c  i n t e r r u p t e r  measurement vas made on 
t h e  f i lm no sharp .jump c h a r a c t e r i s t i c  o f  i n t e r n a l  r e s i s t a n c e  w a s  seen. In  agreement 
with t h e s e  observat ions t h e  a c t i v z t i o n  energy for oxygen reduct ion on t h i s  f i l m  was 
ce lcu la ted  f ron  experiments a t  severa l  temperatures t o  be less thari 15 K cals/mole 

S lechanica l ly  mixed. A l l  o t h e r s  mulled i n  H2S04. 
Electrode contaAns 30% TFE. mc 

-50 w$ H3Po4, 70 C. 
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whereas t h e  a c t i v a t i o n  energy f o r  i n t r i n s i c  semi-conduction i n  CoPc, t h e  expected 
value i f  conductance limits performance, has  been measured as 36 K cals/mole.(4) 

Table I1 

Oxygen Reduction on Films o f  CoPc of Varying Thickness on Gold 

Film Thickness* O2 Reductionm 

* 01 17 - 05 4 

ma/cm2 pa  at 500 uv 

-50 . a 
The apparent ly  c o n t r a d i c t o r y  r e s u l t s  obtained from screen e l e c t r o d e s  and CoPc 

films might be reconci led  i f  one assumed t h a t  t h e  f i l m s  of  CoPc were porous and 
that ,  due t o  high i n t e r n a l  res i s tance ,  oxygen reduct ion only  took p lace  a t  t h e  
bottom of t h e  pores, where phthalocyanine was i n  good e l e c t r i c a l  c o n t a c t  with t h e  
gold  f o i l  base. 
concent ra t ion  p o l a r i z a t i o n  might be  expected i n  t h e  pores .  
these films was proven by  e l e c t r o d e p o s i t i n g  gold  and copper on them. 
t h e  p l a t i n g  c u r r e n t  was kept  constant  no deposit was v i s i b l e  except  towards t h e  end 
o f  t h e  experiment when microscopic m e t a l l i c  beads appeared on t h e  surface.  

Then no i n t e r n a l  r e s i s t a n c e  would be  observed al though a l a r g e  gas 
The porous nature  of  

Thus, a l though 

, 

The CoPc films’ were also i n v e s t i g a t e d  b y  cyclic voltammetry under N2 at scan 
r a t e s  o f  410 mV/sec. 
i f  t h e  e l e c t r o d e  was p o l a r i z e d  t o  low p o t e n t i a l s  (@ = 0 t o  50 mv versus  S.H.E. i n  
same medium). Under t h e  condi t ions  
used t h e  c u r r e n t s  were due w i t h i n  a few percent  s o l e l y  t o  r e a c t i o n s  o f  t h e  e l e c t r o d e  
mater ia l ,  i.e., CoPc. 

The CoPc f i l m  d i s i n t e g r a t e d  r a t h e r  r a p i d l y  i n  t h e  e l e c t r o l y t e  

The samples w e r e  t h e r e f o r e  kept a t  E? 2 300 mv. 

r 

Progress ive  changes which occurred on repeated cyc l ing  o f  a c h a r a c t e r i s t i c  f i l m  
are shown i n  Figure 2. W e  see i n i t i a l l y  (Curve A) two redox systems designated b y  
I and I1 with equi l ibr ium p o t e n t i a l s  o f  approximately ET = 900 mv and E$I = 700 mv. 
The o r i g i n a l  red-purple e l e c t r o d e  c o l o r  remained t h e  same during t h e  f i r s t  p o t e n t i a l  
cycles .  These curves r a p i d l y  changed dur ing  subsequent cycles ,  t h e  change being t h e  
more r a p i d  t h e  t h i n n e r  was the  f i lm.  An in te rmedia te  s t a t e  was reached, charac te r -  
i z e d  by curve B i n  F igure  2, and by  a clear b lue  c o l o r  a t  low, and t h e  former red- 
purple  c o l o r  a t  high p o t e n t i a l s .  h r e n t u a l l y  a new couple I11 appeared at around 
ETII = 450 mv which became t h e  dominant fea ture .  Simultaneously t h e  c o l o r  changed 
t o  g r a s s  green (a t  p o t e n t i a l s  cathodic  t o  peak 111) and purple  (at  higher  p o t e n t i a l s )  
without any b l u e  intermediate .  It i s  probable that  t h e  r e a c t i o n s  involved i n  t h e s e  
couples  are he redox r e a c t i o n s  of  c e n t r a l  Co i o n  involving t h e  va lenc ies  3+, 2+, 
1+ and approximately 4000 t o  

c u r r e n t s  i n  Figure 2 (curve C) a r e  4.5 ma/cm2 and t h e s e  peaks a r e  separa ted  by 50 
mv. The I R  loss with in  t h e  f i l m  t h e r e f o r e  could not be l a r g e r  than  5012 = 25 mv. 
If t h e  o r i g i n a l  r e s i s t i v i t y  were maintained dur ing  t h e  experiment t h e  th ickness  
A of t h e  l a y e r  involved i n  r a c t i o n  111 would have t o  be t h i n n e r  t h a n  approximately 
1 Ra/o : 2514.5 x 
t h a t  a l a y e r  t h i s  t h i n  can produce a charge of o n l y  0.01 p Coul/cm* whereas t h e  
t o t a l  a r e a  wi th in  t h e  Curve C of Figure  2 i n d i c a t e s  t h a t  changes two orders  of  
magnitude g r e a t e r  are involved (Table 111). These changes, i n  Table 111, would be  
c o n s i s t e n t  with t h e  c a s e  where approximately 20$ of t h e  th ickness  o f  t h e  CoPc f i l m  
was involved i n  t h e  redox reac t ion .  One must t h e r e f o r e  conclude t h a t  t h e  r e s i s t i v -  
i t y  of t h e  CoPc breaks down as a load  i s  a p p l i e d  t o  t h e  e l e c t r o d e  f i l m  and t h a t  t h e  
operg t ing  r e s i s t a n c e s  of t h e  f i l m  a r e  l o v e r  than  those  measured i n  t h e  dry  state. 

The measured r e s i s t a n c e  of  t h e  d r y  f i l m  w a  
5000 n cm2 corresponding t o  a s p e c i f i c  r e s i s t i v i t y  o f  0 z 10 8 R cm. The maximum 

Z 58. A c a l c u l a t i o n  based on t h e  d e n s i t y  of  CoPc shows 

* 
++ Prepared by sublimation. 

m f e l  slope a p p r o d m a t e l y  If3 mv. 



I 

/ 
47 

Table I11 

I 

h 

Coulometric Whavior  of CoPc Films during Cyclic Voltammetry 

CoPc Loading Area Charge 
[mg/cm2 I [m ~oul /cm2I  [Coul/mole COPC 1 

.055 5.8 6.0 104 
4.5 104 - 075 5.9 - 095 4.9 5.0 x 10 4 

The e l e c t r i c a l  c i r c u i t  a t  t h e  CoPc/electrolyte  i n t e r f a c e  has  t o  be completed 
by Wradaic  reac t ion  s ince  c a p a c i t y  c u r r e n t s  would not be s u f f i c i e n t l y  large.  
t h i s  role w e  assume H+ ions  t o  be t h e  most l i k e l y  r e a c t a n t  according t o  t h e  diagram: 

For 

Elec t  ro l y t  e 
I 

Gold 

Without supply o f  H+ i n t o  CoPc t h e  r e a c t i o n  could not proceed even i f  e lec-  
t r o n i c  conductance were s u f f i c i e n t .  Hence t h e  reduct ion of  t h e  cobal t  i o n  r e q u i r e s  
t h e  formation of t h e  protonated form of phthalocyanine ( f ree-base) .  The model which 
emerges from t h e s e  arguments, which can explain a t  l e a s t  some of t h e  observat ions i s  
a s  follows: The CoPc i n  contac t  with t h e  e l e c t r o l y t e  acqui res  e l e c t r o n i c  conductiv- 
i t y  by t h e  passage of protons from t h e  e l e c t r o l y t e  however due t o  l i m i t e d  ion- 
conduct iv i ty  only  a f r a c t i o n  can r e a c t  during a v o l t a m e t r i c  cycle .  

The c a t a l y t i c  a c t i v i t y  of  t h e  CoPc f i l m s  on gold  i s  t h e r e f o r e  a complex combi- 
nat ion of r e a c t i o n  a t  t h e  bottom of  pores i n  t h e  f i l m  and extending i n t o  t h e  f i lm 
because of t h e  increased  conductance of phthalocyanine under load.  It i s  t h u s  not 
poss ib le  t o  eva lua te  t h e  t r u e  s p e c i f i c  a c t i v i t y  of  t h e  phthalocyanine sur face  from 
p o l a r i z a t i o n  d a t a  on t h e s e  t h i n  f i l m s .  

Formation and C a t a l y t i c  A c t i v i t y  o f  CoPc Monolayers 

Cobalt phthalocyanine adsorbed s t r o n g l y  from pyridine s o l u t i o n  onto carbon. 
The equi l ibr ium concent ra t ion  of  phthalocyanine i n  s o l u t i o n  w a s  measured spectro- 
s c o p i c a l l y  and t h e  concent ra t ion  on t h e  sur face  of t h e  carbon c a l c u l a t e d  by t h e  
difference.  The adsorp t ion  isotherms are shown f o r  t h e  t h r e e  d i f f e r e n t  carbon 
sur faces  i n  Figures  3 ,  4 and 5. 
c h a r a c t e r i s t i c  of  kngmuir  adsorp t ion  and indeed t h e  
according t o  t h e  l i nea r  form of  t h e  Langmuir i s o t h e r m t l l )  (F igures  6, 7 and 8). 

These have t h e  sharp elbow and s a t u r a t i o n  coverage 
sotherms may be p l o t t e d  

cB = concent rs t l  on 
Cc = concent ra t ioc  

of COPC i n  s o l u t i o n  (mg/ l i te r )  
of Copc on sur face  (mg CoPc/mg carbon) 

C; = sur face  concent ra t ion  c t  satur- . t ion coverage 
K = adsorpt ior .  nquiii'sriurr, c3rct:ii;t 

The s a t u r z t i o n  co'ierzgcs f o r  eech carbon sur fac?  were very similar, Table IV, 
suggest ing t h e t  i n  s t r o n g l y  b a s i c  pyridine co lu t ion  d i f f e r e n c e s  i n  surface spec ies  
W ~ S  minimized. The surfac-  ?re? occupied by on? CoPc molecule a t  s a t u r a t i o n  coverago 
is a lso  l i s t e d  and shy,/? th7.t t,h- cope war conri5C:rsbly less t h a n  clos? pzcked SinCC 
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Ai-  b I': copc no12culc i2 .-..-..n-,<-., .'"f;; .J ;L . , L A  +,'ly Y - 180 E'. 
carbon p a r t i c l e s ,  < 30 A dienneter, have pores  s u f f i c i e n t l y  l s r g e  t o  scclude t h e  CoPc 
Rolzcules  t h e r e f o r e  c e  zssume t h ?  CoPc t o  be dispersed on the sur face  of t h e  carbon 
2nd i n  s t rong  i n t e r s c t i o n  srith it. 

It i s  ur.likcly t h a t  t h c  very small 

Table I V  

S a t u r a t i o n  Coverage of CoPc adsarbed from 
Pyridine Solut ior ,  on Various N2o Spectra  Carbo2 Surfaces 

Sa tura t ion  Surface Area per 
Surface Coverage CoPc Molecule 

F-retreatmznt mg CoPc/mg cerbon 82 

Ur.t r -7nt ed 
Acidic  
= s i c  

0.107 
0.135 
0.141 

880 

670 
700 

Since CoPc i s  i n s o l u b l e  i n  20% H2S04 it was poss ib le  t o  use these  prepara t ions  
i n  e l e c t r o d e s  f o r  oxygen reduct ion .  
nonolayers of CoPc could b e  measured; a condi t ion  where t h e r e  i s  no poss ib le  resis- 
tance  t3 th-2 passage of e l e c t r o n s  from t h e  conductive support t o  t h e  a c t i v e  s i t e  
z?d hencc. ::h?? i n t s r n e l  r e s i s t a n c e  should be negl ig ib le .  

Thus t h e  a c t i v i t y  f o r  oxygen reduct ion of  

The c a t a l y s t  powders 5i'ei-e mounted i n  t h i n  l a y e r  e l e c t r o d e s ( 7 )  designed t o  
e l i m i n a t e  gas  concent ra t ion  p o l a r i z a t i o n  and e l e c t r o l y t e  I R  l o s s e s .  P o l a r i z a t i o n  
c u r - e s  f o r  oxygen reduct ior .  on phthalocyanine supported on t h e  t h r e e  d i f f e r e n t  
carbon s u r f a c e s  a r e  shown i n  F igures  9 ,  10, 11. The l i n e a r i t y  o f  t h e  T a f e l  p l o t  
and i t s  l a c k  o f  dependerce on c a t a l y s t  loading confirms t h a t  t h e s e  d a t a  r e f e r  on ly  
t o  chzrge t r a n s f e r .  

The c u r r e n t  dens i ty ,  p l o t t e d  as ma/mg CoPc, was very n e a r l y  t h e  same f o r  each 
o f  t h e  t h r e e  carbon sur faces  and only s l i g h t l y  g r e a t e r  t h a n  f o r  t h e  carbon without 
CoPc ( F i g u r e  1 2 ) .  Since t h e  phthalocyanine was spread as a monolayer t h e  exchange 
c u r r e n t  could be c a l c u l a t e d  assuming 180 g2 per  phthalocyanine molecule. 
a value of  4 x ampsfcmc f o r  io and a T a f e l  slope o f  160 mv f o r  CoPc on t h e  
a c i d  c3rbon surface. The o t h e r  s u r f a c e s  were not s i g n i f i c a n t l y  d i f f e r e n t .  Thus 
th? CoPc sur fece  i s  r a t h e r  veekly c a t a l y t i c ;  on ly  s l i g h t l y  b e t t e r  than t h e  carbon 
3r: vhich it i: supported. T h e  presence of d i f f e r e n t  sur face  spec ies  under t h e  
adsorbed phthalocyanine appears  t o  have l i t t l e  e f f e c t  on t h e  c a t a l y t i c  a c t i v i t y  
sl.though t h e  b a s i c  carbo? s u r f a c e  seems t o  lower t h e  a c t i v i t y  s l i g h t l y .  

This gave 

P o l a r i z a t i o n  d a t e  f o r  t h e  b e s t  screen e lec t rode  made from CoPc by method (a)  
i s  also plo t tPd  on t h e  b a s i s  of mz./mg CoPc i n  F igure  9 f o r  comparison. I ts  lower 
iErfo-.exe p i r . t s  out  t h e t  t h i s  e lec t rode  d i d  not make t h e  most e f f i c i e n t  use of 
t h ?  pikha1ocpr.ir.e 03 t h e  carbo:! poss ib ly  becr-use a l l  t h e  phthalocyanine was  not 
ic . . l ec t r ica l  cor!tact w i t h  t h e  support. 

?r?etry of t h e  t h i n  f i lms  of phthelocyanine shoved t h a t  t h e  r e s i s -  
a13cy.-?i:.-: d.-creised a t  cathode p o t e n t i a l s  8 s  t h e  oxida t ion  s t a t e  

2: tti  c e z t r a l  i o n  c h e r g 4 .  Eeice d e s p i t e  t h e  -.wry high i c i t i s l  r c s i s t a n c e  o f  
p!- . thalocprir ,e  t k r e  i: prz'tjzkly n3t en importznt r.-sistance cont r ibu t ion  t o  
cs thode polarizatio:. This  behavior  would i s p l y  t h e t  t h e  a c t i v i t y  o f  c o b a l t  
p .? thalocsninn xii:e& v i t k :  2. conducti-i? support i n  e screen - 3 l x t r o d e  should be 
c l s s e  t3 t h 2  t:tri?cic s c t i - ; i t y  o f  t h e  a.:zil-.bls ph th~13cyani r? .  
is born? out. -cy th.2 . :epj si ' l i lc :  ecti. ,rity 3: t h i n  12y;r e l e c t r o d e s  with monglayers 
zf phth-iloc-y?-ninC: -.?.d the z c r e r n  electrode-, i n  Figur? 9. 

This assumption 
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Undoubtedly t h e  nature  of t h e  surface i n  which t h e  phthalocyanine i s  supported 
may have a l a r g e  e f f e c t  on i t s  a c t i v i t y  and the re fo re  some support  o the r  than carbon 
may be found giving enhanced a c t i v i t y .  
phthalocyanine itself i s  known t o  a f f e c t  c a t a l  
cyanines for t h e  decomposition of formic acid.@T Moreover t h e  mechanism f o r  t h e  
reduction Of oxygen on a semi-conductor su r face  w i l l  c e r t a i n l y  be complicated by 
changes i n  t h e  e l e c t r o n i c  s t r u c t u r e  of t h e  c e n t r a l  metal  ion.  However t h e  present  
Study demonstrates t h a t  e l e c t r o n i c  conductance through t h e  semi-conductor i s  not  a 
l i m i t a t i o n  i n  t h e  case of  coba l t  phthalocyanine but t h a t  t h e  electrochemical  r eac t ion  
at t h e  c a t a l y s t  surface i s  t h e  slow process.  
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Figuro 1 

OXYGEN REDUCTION ON CoPc SUPPORTED 
ON NE0 SPECTRA CARBON IN A SCREEN ELECTRODE 
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CYCLIC VOLTAMMETRY OF CoPc FILM 
SUBLIMED ON GOLD 

n 

3 . 
a 
E u 



. 5 1  
Figure 3 

ADSORPTION ISOTHERM CoPc 
ON UNTREATED NE0 SPECTRA CARBON 
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Figure 5 

ADSORPTION ISOTHERM CoPc 
ON BASIC NE0 SPECTRA CARBON 
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Figure 7 

LANGMUIR ISOTHERM CoPc 
ON ACID NE0 SPECTRA CARBON 
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Figure 8 

LANGMUIR ISOTHERM CoPc 
ON BASIC NE0 SPECTRA CARBON 
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F i g u r e  9 :  CATHODIC OXYGEN REDUCTION 
O i  CARBON SUPPORTED 

CoPc MONOLAYERS (UNTREATED NE0 SPECTRA) 
0.95 "9 copc/mg N EO SPECTRA W C ,  20% H+Od 
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Figuro 11: CATHODIC OXYGEN REDUCTION ON CARBON 
SUPPORTED CoPc MONOLAYERS (BASIC NE0 SPECTRA) 
B0C, 20% H2SO4 
0.11 mg CoPc/mg N EO SPECTRA 
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PfiEl’MULTION AND ET.ECT’ROCW3llCAL TESTING OF INTERSTITIAL 
COMPOUXDS AS FUEL CELL CATALYSTS 

S. Akhtar ,  C.T. Gre in ,  and D. Bieos tock  

U.S. Depertment of t h e  I n t e r i o r ,  Bureau of Mines, 
P i t t s b u r g h  Coal Research Cen te r ,  P i t t sbu rgh ,  Pa. 

* 

INTRODUCTION 

I n  March 1966, t h e  P i t t s b u r g h  Coal Research Center of the Bureau 

o f  Mines, a t  t h e  sugges t ion  o f  E. Cohn o f  t h e  Nat iona l  Aeronautics 

and Space Adminis t ra t ion  and funded by this o rgan iza t ion ,  i n i t i a t e d  

a s tudy  of  t he  i n t e r s t i t i a l  compounds of  the  t r a n s i t i o n  me ta l s  a s  

f u e l  c e l l  c a t a l y s t s .  The i n t e r e s t  i n  t h e  work was genera ted  by a 

p re l imina ry  obse rva t ion  a t  Tyco L a b o r a t o r i e s ,  Inc . ,  of Waltham, Msss., 

t h e t  t h e  i n t e r s t i t i a l  c a r b i d e  X-FeZC i s  a n  a c t i v e  c a t a l y s t  f o r  t h e  

e l ec t rochemica l  reduct ion  of oxygen. 

program w a s  to prepa re  ca thode  c a t a l y s t s  f o r  a l k a l i n e  hydrogen-oxygen 

f u e l  cells  ope ra t ing  a t  low tempera tures ;  the  ca thod ic  a c t i v i t y  of  

t h e s e  p repa ra t ions  was t o  be determined by Tyco Labora tor ies .  The 

scope of the p r o j e c t  was l a t e r  en larged  by coopera t ive  arrangement 

The Bureau‘s p a r t  i n  th i s  

w i t h  t e n  o t h e r  l a b o r a t o r i e s  engaged in f u e l  c e l l  work. 

were made a v a i l a b l e  t o  them f o r  bo th  ca thod ic  and anodic  a c t i v i t y  tests 

i n  a v a r i e t y  of system. 

l a b o r a t o r i e s  a r e  p re sen ted  i n  t h i s  paper. 

The m a t e r i a l s  

The r e s u l t s  ob ta ined  i n  two of these  

The c a r b i d e s  of  Fe have  been prepared by t h e  a c t i o n  CO, COt€iz, o r  

1 hydrocarbons on Fe (1.2.2) . Vhec CO+iI? is emplcyed, Fe i s  i n  e f f e c t  

‘ I  

I 

ca rbur i zed  wi th  a mix tu re  of CO and hydrocarbons,  s i n c e  CO reacts wi th  

1 
Underlined numbers in paren theses  r e f e r  t o  items i n  t h e  list of 
r e f c r c n c c s  a t  th.2 t c d  cf t h i s  rqxst. 
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, 

I 

\ .  

-. 

H2 t o  form hydrocarbons i n  t h e  presence  of reduced Fe (Fischer-Tropsch 

s y n t h e s i s ) .  Hydrocarbons a lone  do not l ead  t o  complete ca rb id ing  (J), 

and CO a lone  tends  t o  d e p o s l t  unacceptab le  anounts of  f r e e  carbon. The 

a c t i o n  of .CO on Fe i s  very  exothermic and t h e r e  i s  a s t rong  tendency 

f o r  t h e  Fe t o  become overheated. Reaction tempcrature should be 

c a r e f u l l y  c o n t r o l l e d  below t h a t  a t  which t h e  des i r ed  ca rb ide  decomposes. 

H2 i n  t h e  reacti.ng gas he lps  remove t h e  excess  hent  and minimizes t h e  

amount of f r e a  carbon i n  t h e  product.  

Ci2C i s  prepared by t h e  a c t i o n  of CO on Co (A) and Nr3C by t h e  

a c t i o n  o f  CO on N i  (5) a t  25O*-28OcC. 

i s  accompanied by d e p o s i t i o n  of  f r e e  carbon,  and the  h igher  t h e  

r e a c t i o n  tempera ture ,  t h e  g r e a t e r  t he  p rcpor t ion  of f r e e  carbon. 

Some f e a t u r e s  of t h e  k i n e t i c s  o f  t he  r e a c t i o n  oi CO u i t h  Ni. a r e  

presented  i n  Fig.  1 from t h e  published r e s u l t s  of Ejrraud (6). A 

f ixed  weight of  reduced Ni’was ca rbur i zed  wi th  CO a t  d i f f e r e n t  

temperatures.  Below 25OoC, t he  r a t e  of  formation of  Ni3C was .very 

slow bu t  t h e  product  vas s u b s t a n t i a l l y  f r e e  from depos i ted  carbon, 

A t  285%,  t h e  r e a c t i o n  was complcte i n  about 30 hours ,  bu t  Si$ vas  

contaminated wi th  f r e e  carbon. .’.t t empera tures  above 3OO0C, l a r g e  

q u a n t i t i e s  o f  f r e e  carbon were - ; , )s i ted.  

I n  both  c a s e s ,  cs.rbide f o m z t i o n  

As with Fe ,  t he  r e a c t i o n s  .”; v i t h  Co acd Ni a r e  s t r o n g l y  

exothermic. However, Rp can  r. cmployed t o  d i l u t e  CO i n  

c a r b u r i z i c g  Co and Wi; Co2C ati ~ ,, can  n o t  be prepared under 

cond i t ions  of F i sche r  -Tropsch : e s i s .  The c o n t r a s t  i n  t h i s  

r e s p e c t  w i t h  Fe may be noted. 
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The n i t r i d e s  o f  Fe, C o ,  and N i  a re  prepared by r e a c t i n g  t h e  aetals  

vi th  NH3. The phase diagram f o r  t h e  n i t r i d e s  of  Fe i s  shown i n  F ig .  2 (7); 

i t  shows t h e  phases t h a t  are  i n  e q u i l i b r i u m  w i t h  K2 a t  .:'ne p r e s s u r e s  

corresponding t o  t h e  d i s s o c i a t i o n  of NH3. 

extended r a n g e  of e s i s c e n c e .  With thc  except ion  of  the y-phase, t h e  

various n i t r i d e s  of Fe may a l l  be p r e p r e d  a t  about  35G°C, t h e  coixpo- 

s i t i o n  o f  t h e  product  depending on the space v e l o c i t y  of XH3 and t h e  

d u r a t i o n  of n i t r i d t n g .  

prepared  by t h e  a c t i o n  o f  NH3 on t h e  metals b u t  t h e i r  p r e p a r a t i o n  

appears  t o  b e  a t t e n d e d  by unusual  d i f f i c u l t i e s  (E). Tenpera tures  PO 

h i g h e r  than 35OoC and h i g h  space v e l o c i t i e s  o f  Nil3 a r e  recommended. 

Even so ,  t h e  r e p o r t e d  s u c c e s s e s  i n  t h e  p r e p a r a t i o n  o f  thcse  n i t r i d e s  

have only  been i n  terms o f  " m i l l i g r a m "  o r  "cp to  a gram" q u a n t i t i e s .  

€-FeYN-Se2X has t h e  n3st 

The n i t r i d e s  o f  Co and NL a l s o  have been 

PREPARATION OF INTERSTITLIL comoums 

The scheme f o r  p r e p a r i n g  t h e  i n t e r s t i t i a l  compounds of  Fe ,  Co,  

and N i  is shown i n  F i g .  3. The f i r s t  s t e p  c o n s i s t s  o f  p repar ing  f i n e l y  

d i v i d e d  metals and m i x t u r e s  of  metals,  or a l l o y s .  

formation o f  c a r b i d e s  and n i t r i d e s  by g a s - s o l i d  r e a c t i o n s  f a i l s  o f f  

as  s u c c e s s i v e  l a y e r s  o f  t h e  products  i n c r e a s i n g l y  o b s t r u c t  t h e  a c c e s s  

of  t h e  r e a c t i n g  gas  t o  metal s u b s t r a t e s ,  i t  i s  i n p o r t a n t  t o  s t a r t  wi th  

S i c c e  t h e  ra te  o f  
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f i n e  powders of, me ta l s .  

t e s t e d  a s  con tac t  c a t a l y s t s  w!iere l a r g e  s p e c i f i c  s u r f a c e  a r e a s  a r c  o f  

Also, t h e  p repa rz t ions  were in tended  t o . b c  

obvious advantage.  The d i f f e r e n t  methods employed f o r  p repa r ing  f i n e l y  

d iv ided  me ta l s  a r e  ind ica t ed  i n  t h e  scheme. 

The gas - so l id  r e a c t i o n s  were c a r r i e d  o u t  i n  h o r i z o n t a l  vycor 

tubes  of 1-inch d iameter  shown i n  Fig.  4. The tubes  were f i t t e d  with 

m e t a l l i c  end p i eces  which had p rov i s ions  f o r  gas  i n l e t  and o u t l e t .  

F i f t y  t o  one hundred grams of s o l i d s  were processed a t  a t i m e .  

Separa te  thermocouples monitored t h e  tempera ture  of the f r o n t  end, t he  

middle,  and t h e  r e a r  of  t h e  powder beds. 

t h e  appara tus  which included fu rnaces ,  thermoregula tors ,  g a s  flow 

meters, s a f e t y  v a l v e s , d  a12-po in t  r eco rde r  f o r  t h e  thermocouples. 

Reac t ions  were c a r r i e d  ou t  a t  atmospheric p re s su re .  The leached 

F ig .  5 i s  a photograph of  

Raney meta ls  were t r e a t e d  wi th  hydrogen a t  45OoC f o r  10-20 hours  a t  

an hour ly  space v e l o c i t y  of  1,000-2,500 be fo re  c a r b i d i n g  o r  n i t r i d i n g .  

The hydroxides were gene ra l ly  reduced i n  s i t u .  

The experimental  cond i t ions  employed i n  t h e  p r e p a r a t i o n  o f  t h e  

ca rb ides  a r e  presented  i n  Table 1. 

t o  coo l  down t o  a t  l e a s t  16OoC b e f o r e  CO o r  C W 2  was in t roduced .  

pure  CO was employed as the  c a r h r i z i n g  agen t ,  t h e  concen t r a t ion  of  CO 

i n  t h e  e x i t  gas  was monitored by a d i f f e r e n t i a l  type  i n f r a r e d  d e t e c t o r .  

Reduced me ta l s  were always allowed 

When 
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When the c o n c e n t r a t i o n  o f  CO i n  e x i r  g a s  f e l l  below 60 p e r c e n t ,  power 

supply  t o  t h e  fu rnace  was c u t  o f f  by a n  automated arrangement. Higher 

03 convers ions  is conducive t o  run away t 'emperatures and excess carbon 

depos i t ion .  The tempera ture  o f  t h e  powder bed was r a i s e d  slowly 

and i n  s teps .  S e v e r a l  hours  were u s u a l l y  allowed f o r  t he  temperature 

t o  come up to  the f i n a l  l e v e l  ( see  columns 4 arid 5 i n  Table 1). With 

Co and Ni, the tendency f o r  sudden overhea t ing  appears  a t  about 180'- 

22OoC i n  t h e  presence  of  CO. Since  t h e  c a r b u r i z a t i o n  of Co o r  Ni does 

1 
A 

n o t  o r d i n a r i l y  proceed a t  measurable rates a t  temperatures below 250°C, 

t h e  lower t h p e r a t u r e  r e p r e s e n t s  t he  p c i n t  of  onse t  of  ca rb id ing  of  

t h e  a c t i v e  s p o t s  on t h e  metal powders. Column 6 ,  Table 1, g ives  t h e  

r e s u l t s  of q u a l i t a t i v e  x- ray  a n a l y s i s  of  the carbur ized  materials. 

I 

The major d e t e c t a b l e  phase  is l i s t e d  f i r s t .  The f ind ings  were f u r t h e r  

checked by chemical a n a l y s i s  of  t h e  products  f o r  carbon. 

depos i t i on  of some f r e e  carbon i s  unavoidable,  t h e  combked o r  c a r b i d i c  

carbon m u s t  be  d i s t i n g u i s h e d  from t h e  f r e e  carbon. In p r a c t i c e ,  i t  i s  

simpler to de te rmine  t h e  t o t a l  carbon and t h e  f r e e  carbon, and t o  

compute the combined carbon by d i f f e r e n c e .  T o t a l  carbon was determined 

by i g n i t i n g  samples i.n excess  02 and scrubbing CO2 from t h e  stream of 

combustion gases  i n  towers packed wi th  a s c a r i t e .  

b e f o r e  aad a f t e r  the abso rp t ion  o f  CO2. 

as follows: 

As concomitant 

I 

The towers were weighed 

The f r e e  carbon was determined 

Samples kerr3 d igcs tLd iu diluLc (1:3) !IC1 a~ 
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60°-800C f o r  f hour t o  d r i v e  o f f  c a r b i d i c  carbon as gaseous hydrocarbons. 

F r e e  carbon i s  not. a f f e c t e d  by d i g e s t i o n  wi th  d i l u t e  HC1. The insolublo,s 

were f i l t e r e d  on a porous c r u c i b l e ,  washed with h o t  water, and d r i ad  a t  

105°C. 

excess  02. As befo re ,  C02 was scrubbed i n  a s c a r i t e  towers .  

f o r  t o t a l  carbon and f r e e  carbon are g iven  i n  columns 7 and 8 ,  Table 1. 

The c r u c i b l e  was t h e n  p laced  i n  a cube furnace  and i g n i t e d  i n  
> 

The resu lks  

The experimental  cond i t ions  employed f o r  prepar ing  t h e  va r ious  

n i t r i d e s  of  Fe a r e  g iven  i n  Table  2. 

with H2 a t  45OoC befo re  t rea tment  w i th  NH3. 

f o r . n i t r o g e n  hy t he  Kje ldahl  method. 

t r e a t e d  wi th  NH3, only  Fe was n i t r i d e d .  

of Co and N i  were f r u i t l e s s .  

Samples of Baney Fe  were reduced ,  

The products  were analyzed 

When mix tu res  of  Fe and kg were 

A l l  e f f o r t s  t o  p repa re  n i t r i d e s  

The experimental  c o n d i t i o n s  employed f o r  t h e  preparac ion  of 

n i t r o c a r b i d e s  and c a r b o n i t r i d e s  are g iven  i n  Tables  3 and 4,  respec-  

t i v e l y  . 
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E l e c t r o c a t a l y t i c  A c t i v i t y  of  t h e  I n t e r s t i t i t a l  Compounds 
' 

As t h e  i n t e r s t i t i a l  compounds of Tables  1-4 are pyrophoric,  t he  

p repa ra t ions  were sub jec t ed  t o  a process  of  "induction" b e f o r e  e l e c t r o -  

chemical i n v e s t i g a t i o n .  Induc t ion  of a pb-rophoric powder e s s e n t i a l l y  

c o n s i s t s  of  ox id i z ing  t h e  s u r f a c e  l aye r  of i t s  p a r t i c l e s  by exposing 

t h e  powder t o  m i l d l y  o x i d i z i n g  Condi t ions ;  t h e  oxide  l a y e r  then  provides  

a p r o t e c t i v e  c o a t i n g  for t h e  s o l i d  a g a i n s t  f u r t h e r  a t t a c k  by oxygen. 

When pyrophoric powders are o r d i n a r i l y  exposed t o  a i r ,  the cond i t ions  

a r e  too  d r a s t i c  f o r  the o x i d a t i o n  t o  s t o p  a t  t h e  s u r f a c e  layer .  The 

powders are inducted by success ive  t rea tment  wi th  a series of s o l v e n t s  

of i nc reas ing  s o l u b i l i t y  f o r  02. The powders so t r e a t e d  were found t o  

deve lop  f a r  less h e a t  on  subsequent exposure t o  a i r  and t h e  e l e c t r o d e s  

prepared  from them gave r ep roduc ib le  r e s u l t s .  

2 

The c a t a l y t i c  a c t i v i t y  of t h e  i n t e r s t i t i a l  compounds were t e s t e d  

in t h e  r educ t ion  of 02 i n  KDH con ta in ing  N2H4, and i n  t h e  ox ida t ion  of 

MI3 i n  30 pe rcen t  KOH. 
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2 
(1) ileduction of 02 i n  W H  containln:  N7H4 at room tcinpcrature 

The i n t e r s t i t i a l  compounds were homogenized by g r i n d i n g ,  and 

s i e v i n g  through a 325-mesh screen  i n  a d r y  box f i l l e d  with n i t rogen .  

The powders were covered with petroleum ether and then brought  ou t  i n  

t h e  open, where they were inducced with d i e t h y l  ether,  ace tone ,  and 

e t h a n o l .  0 .1  gram samples of t h e  inducted m a t e r i a l s  were waterproofed 

wi th  a t e f l o n  emulsion,  cured a t  200'C i n  N 2 ,  mixed wi th  e q u a l  weighcs 

of waterproofed g r a p h i t e ,  and packed i n  t h e  sanple  h o l d e r  shown i n  

F i g .  6. The e l e c t r o l y t e  c o n s i s t e d  of 10 m l .  of 1 2  M WH conta in ing  

0.2 n i l .  of 60 percent  N2H;. For a c t i v i t y  measurement, t h e  e l e c t r o d e s  

were p o l a r i z e d  a g a i n s t  a n  i n e r t  n i c k e i  sc reen  a t  10 amp/ft2 f o r  15 

minutes ,  then  a t  20, 30, and 40 amp/f t2  f o r  5 minute p e r i o d s ,  and 

f i n a l l y  a g a i n  a t  10 amp/f t2  f o r  5 minutes .  

n e n t s  were made with a Kordesch-Marko Br idge ,  2 'rIg/HgO e l e c t r o d e  s e r v i n g  

as the r e f e r e n c e  e l e c t r o d e .  The average v a l u e s  of t h e  p o t e n t i a l s  are  

p l o t t e d  a g a i n s t  t h e  apparent  c u r r e n t  d e n s i t i e s  i n  F i g .  7 .  It w i l l  b e  

seen t h a t  1 7 N ,  3CN, and 1NC are about as a c t i v e  as Pt-black.  Dupl ica te  

experiments  gave reproducib le  r e s u l t s .  

The p o l a r i z a t i o n  m e ~ s u r ~ -  

2 
T h i s  p o r t i o n  o f  the  work was don- ir, the  l a b o r l t o r i e s  of t h e  Un lon  
Carbide Corpora t ioa ,  Furli C e l l  Pepartment ,  P a m a ,  Ohio, under :he 
superv is ion  o f  Cr. G.E. Ex-ans. 
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3 
(2)  Oxidation of NHs i n  30 pe rcen t  KOH a t  25OC - 

Afte r  i n d u c t i o n  wi th  heptane ,  ace tone ,  methanol, and wa te r ,  

28.3 mg of each d r i e d  m a t e r i a l  was mixed wi th  an aqueous emulsion of  

5 mg.PTFE and t h e  m i x t u r e  was spread on a 1.5 cn x 1.5 cm platinum 

sc reen .  The sc reen ,  w i th  the  spread. was d r i e d  i n  vacuum a t  85% fo r  

h a l f  an hour and then pressed  a t  100 p s i  f o r  2 minutes a t  250OC. 

Anodic a c t i v i t i e s  and c o r r o s i o n  c u r r e n t s  were determined p o t e n t i o -  

s t a t i c a l l y  by a f l o a t i n g  e l e c t r o d e  technique .  A dynamic hydrogen 

e l e c t r o d e  (9) was employed a s  t h e  r e fe rence  e l ec t rode  and co r ros ion  

c u r r e n t s  were’n:easured i n  N2. The p o t e n t i o s t a t  was programmed f o r  

cont inuous  scanning from 0 v t o  1 . 2  v and the cu r ren t -vo l t age  curves  

were traced d i r e c t l y  on a n  x-y r eco rde r .  

c o r r o s i o n  c u r r e n t  of more than 1 ma, t h e  e l e c t r o d e  material was 

cons idered  incompat ib le  with t h e  e l e c t r o l y t e .  To compare t h e  

I f  an  e l e c t r o d e  gave a 

a c t i v i t i e s  p e r  u n i t  area of  t h e  v a r i o u s  p r e p a r a t i o n s ,  t he  e l e c t r o -  

chemica l ly  e f f e c t i v e  a r e a  of each e l e c t r o d e  was determined by a double 

l a y e r  capac i tance  method (10). The va lues  o f  equ i l ib r ium p o t e n t i a l ,  

exchange c u r r e n t ,  and T a f e l  s lope  were computed g r a p h i c a l l y  from t h e  

c u r r e n t - p o t e n t i a l  d a t a .  I-R c o r r e c t i o n s  were ignored s i n c e  t h e  c u r r e n t s  

were small .  The r e s u l t s  are presented  i n  Table  5. 
1 

r 

3 
This p a r t  o f  t h e  work was done i n  t h e  l a b o r a t o r i e s  of t he  C a t a l y s t  
Research Corpora t ion ,  Bal t imore ,  XC;. The p r i n c i p a l  i nvesL iga to r s  
were H.J. Goldsmith,  J . R .  Moser, and T. Ucbb. 
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Five  of t h e  fou r t een  i n t e r s t i t i a l  p repa ra t ions  t e s t ed  corroded 

v i s i b l y  on a d d i t i o n  of  NH3 t o  t h e  e l e c t r o l y t e .  The  s t a b l e  e l e c t r o d e s  

gave h a l f - c e l l  p o t e n t i a l s  of 0.54 v-0.56 v compared t o  0.58 v f o r  P t ,  

and Ta fe l  s lopes  of about 0.12 v compared t o  0.04  v f o r  P t .  The 

h a l f - c e l l  p o t e n t i a l s  and Ta fe l  s l o p e s  f o r  t h e  uns t ab le  m a t e r i a l s  were 

widely s c a t t e r e d .  

Oswin and Salonon (11) have suggested a fou r - s t ep  mechanism f o r  

t he  anodic ox ida t ion  o f  NH3. Thei r  scheme and t h e i r  c a l c u l a t e d  va lues  

fo r  t h e  T a f e l  slopes of  t h e  in te rmedia te  s t e p s  are 

(1) 

(2) M-NX2 + OH- 

NH3 + M + OH- 

(3j M=NH + OH- 

( 4 )  M% 

+ M-NH2 + H20 + e -  

+ M 4 H  -t H20 + e -  

+ M a  -+ H20 -+ e- 

+ 2 M . t N Z  

as fo l lows:  

Ca lcu l a  t ed 
TaZel slope. v 

0.118 

0.039 

0.024 

0.010 ( o r  m 

a t  high c u r r e n t  
d e n s i t i e s )  

A comparison o f  t h e  experimental  va lues  of the  Ta fe l  s lope  wi th  t h e  

c a l c u l a t e d  va lues  i n d i c a t c s  t h a t  on P t  t h e  ra te -de termining  s t e p  for  t h e  

ox ida t ion  c f  NH3 i s  r e a c t i o n  (2),  bl;t an t h e  s t a b l e  c a t a l y s t s  of Table 

5 ,  t h e  ra te -de termining  s t e p  f o r  t he  ox ida t ion  of  NH3 i s  r e a c t i o n  (1). 
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From a p r a c t i c a l  p o i n t  of view, t h e  anodic a c t i v i t i e s  of t he  

n i n e  s t a b l e  c a t a l y s t s  a s  measured by t h e  exchange c u r r e n t  per  u n i t  

vc igh t  of c a t a l y s t s  were d i sappo in t ing ly  low. However, i t  may be 

noted t h a t  t he  i n t r i n s i c  a c t i v i t y  of some of t h e  m a t e r i a l s ,  a s  measured 

by t he  a c t i v i t y  pe r  u n i t  o f  s u r f a c e  a r e a ,  i s  s u r p r i s i n g l y  h igh .  I f  

methods f o r  p repa r ing  i n t e r s t i t i a l  compounds o f  s p e c i f i c  su r face  a r e a s  

comparable t o  s p e c i f i c  s u r f a c e  area of P t -b l ack  could be developed, 

t h e  i n t e r s t i t i a l  compounds may provide  f u e l  c e l l  c a t a l y s t s  of p r a c t i c a l  

va lue .  

the p r e s e n t  i n v e s t i g a t i o n  were fou r  o r d e r s  of magnitude sma l l e r  than 

t h e  s p e c i f i c  s u r f a c e  a r e a  of P t -b lack .  

The s p e c i f i c  s u r f a c e  a r e a s  of t h e  i n t e r s t i t i a l  p repa ra t ions  o f  

CONCLUSIONS 

I n t e r s t i t i a l  c a r b i d e s ,  n i t r i d e s ,  n i t r o c a r b i d c s ,  and c a r b o n i t r i d e s  

of  Fe a r e  a c t i v e  i n  t h e  r educ t ion  of 02 i n  KOH con ta in ing  N2H4 a t  room 

temperature.  The a c t i v i t y  of some of t h e s e  p repa ra t ions  is  comparable 

t o  t h a t  of P t -b lack .  F u r t h e r  i n v e s t i g a t i o n  of t h e s e  compounds with 

p ro to type  f u e l  cel ls  appea r s  t o  be d e s i r a b l e .  

None of  t h e  p repa ra t ions  t e s t e d  showed any promise as anode 

c a t a l y s t s  i n  t h e  o x i d a t i o n  of  hW3 in KOH. 

i 

' I  
I 

I 
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Chem., v. 41,  1963, p. 1686. 
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TABLE 5.-  Osidat ion of hY3&3@”i. KQH a t  25°C 

Tafe l  Equi 1 i b r  iuw. 
s lope ,  p o t e n t i a l ,  Exchange cur ren t  Ca ta 1 y s t 

(cmposi  t i o n )  male. p:a/cm2 V v 
., 

Pt 883 4.24 0.04 0.58 

21.6 0.04 0.22 33c* 106 
( C O ~ C ,  a-co) 

43c 60.1 4.40 0.09 0.68 
(carbided 1 N i  -Ug) 

42.4 10.5 0.08 0.24 

2SNC* 28.3 0.968 0.10 0.32 
(nctrocarbidcd 1Ni-1Co) 

2 7C* 14.1 2.0 0.12 0.26 
(carbided 3Ni-1Co) 

3.54 107 ’ 0.17 0.55 

15NC 3.53 0.507 0.23 0.56 
(ni t rocarbided 3Ni- 1Co) 

21N 3.15 42.6 0.12 0.56 
(Y’ -Fe4N, e-Fe3N-Fe2N) 

6 1C 2.80 7.0 0.11 0.54 
(carbided 3Ni-1Co) 

18N 2.47 29.9 0.12 0.56 
(C-FezN, C-Fc3N-Fe2lr‘. Y ’  -Fe4N) 

2oN 1.66 23.2 0.13 0.56 
(&-Fe2N, €-Fe3N-FezN, Y’ -FekN) 

1NC 1.37 14.3 0.12 0.54 
[c-FeX-Fe2X(C,Pi), Fe304J 

5cN 1.13 20.7 0.26 0.55 
[€-Fe3X-Fe*X(C,N) 

4CN 0.99 6.45 0.11 0.56 
i€-Fe3X-Fe2X(C,!;) f 

::The c a t a l y s t s  narked u i t h  an a s t e r i s k  dissolved i r ?  the e l e c t r o l y t e  t h e n  
MI 3 ~3 s 2dJ ed . 
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ii.A.Snumilova, V.S.~a,atzky, U. V.Zhutaeva,N.D.l&erkulova, 

G .P. Szmoilov, E. I .rlhrusk:cheva, v .  Yu. F i l i n o v s k j  

I n s t i t u t e  of  E l e c t r g c h e n i s t r y ,  Acaderiiy o f  Scielices 
o f  t h e  U.S.S.R. , Jii~scow. 

ABSTRACT 

Although t h e  oxygen e l e c t r o d e  has  been t h e  o b j e c t  of  

numerous s t u d i e s ,  I t  remains a s  y e t  a l i m i t i n g  f a c t o r  i n  

t h e  o p e r a t i o n  of -  hydrogen-3xygen f u e l  c e l l s .  I n  f a c t ,  

' whereas t h e  hydrogen e l e c t r o d e  opsra . tes  under  r e v e r s i b l e  

c o n d i t i o n s ,  for z e a l  oxygen e l e c t r o d e s  i t  has  not  been 

p o s s i b l e  t o  o b t a i n  a low enough 2 o l a r i z a t i o n  du r ing  t h e  

oxygen i o n i z a t i o n  r e a c t i o n .  The re fo re ,  f o r  an  oxygen 

r e a c t i o n  it  is extremely impor tan t  no t  on ly  t o  choose a 

proper  c a t a l y s t ,  bu t  a l s o  t o  f i n d  t h e  optimum c o n d i t i o n s  

o f  t h e  occurrence o f  t h e  oxygen i o n i z a t i o n  r e a c t i o n .  I n  

view o f  a complicated s t epwise  n a t u r e  of  t h i s  r e a c t i o n ,  

the  presence  o f  competing p a r a l l e l  r e a c t i o n s ,  t h e  forma- 

t i o n  o f  hydrogen pe rox ide  a s  an  in t e rmed ia t e  c roduct  i n  

p a r t i c u l a r ,  i n  o r d e r  t o  c r e a t e  e f f e c t i v e  and stable oxy- 

gen e l e c t r o d e s  i t  is necessa ry  t o  s tudy  t h e  mechanism of 

t h i s  r e a c t i o n ,  t he  K i n e t i c s  o f  its s e p a r a t e  s t e p s  and t o  

f i n d  t h e  optimum Condi t ions  o f  i t s  occurrence.  

I n  t h e  a r e s e n t  pape r  we have s t u d i e d  t h e  o p e r a t i o n  of  

oxygen e l e c t r o d e s  i n  a l k a l i n e  s o l s t i o n s  by czans o f  t h e  

d i s k - r i n g  e l e c t r o d e ,  u s i z g  s i l v e r  and n i c k e l  as e l e c t r o d e  
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j::,teriqip. 4:hs o-r;.gen ion izax i3n  r e a c t i 3 n  on s i l v e r  2nd l i i -  

c4e l  i n  a l t t a l i n e  s o l u t i o n s  o c c a r s  cil , iultan?ously bg tY:o 

m:.c%anisms; by d i r e c t  r eaucc ion  t o  hydroxyl i o n s  and v i i t n  

bile fo rn ia t i an  of hydrogen pe rox ide  as an i n t e r m e d i a t e  pro-  

duc t ,  which can be f u r t h e r  electroci,c::nically reduced t o  

wa te r  and aecornpose c a t a l y t i c a l l y  t o  form molecular  oxygen. 

and weter. L e  have measured p a r t i a l  c u r r e n t s  aa2 the  ra te  

c o n s t e n t s  9: t h c  i rx i iv idua l  sts?s o f  o:r;Een r e d u c t i o n  

r e a c t i o n s ,  zllov!in& f o r  t he  p o s s i b i l i t y  of' a c a t a l y t i c  

hydrogen decoaiposit ion,  and found t h e  deilendences o f  t h e s e  

p a r t i e l  c m r s n t s  on t n e  e l e c t r o d e  I j o t e c t i a l  en6 i t s  cxida- 

t i o n  s t a t e .  P a r t i c J l s r  a t t e n t i o n  hnz besn g i v e n  t o  t h e  p r o -  

c e s s  of f u r t h e r  r e d u c t i o n  o f  hydrogen ae rox ide .  

Ths a n a l y s i s  or" t h e  data on t h e  k i n e t i c s  of  t h e  i n d i -  

v i d u a l  s t e p s  0:' 3xygen i o n i z a t i o n  r e a c t i o n  can s e r v e  as  an 

important  s u b s i d i a r y  neaiis f o r  t h e  assessment o f  t h e  s u i t a -  

b i l i t y  .2f a metal  f o r  v.se as  a m a t e r i a l  for oxygen e l e c t r o -  , 

d e s  0% i ' ue l  c e l l s ,  i n  which h;-d:ogen pe rox ide  f 'ormztion 

i s  m 5 e s i r a b l e .  
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AEG-TEL3:PTJXKEN Porschungs ins t i tn t  
2 r a c k f u r ;  i r ~  :Lain - 

SO f a r  the  anodic oxidat ior ,  o f  :?$zogen has r a l s l y  Seen p e r f c x s t  
iz f c e l  c e l l s  working rvizh &z a l k a l i a e  e lecs-cl j ;c .  !?he &ra:J5&ck 
05 la2 a l k a l i n e  c e l l  - ca-bosate f o r z a t i o n  acS 2oisoning o f  t?.s 
e l e c f ? o c a t a l y s t s  - a r e  however s u f f i c i e n t l y  wel l  known. 
r'uei c e l l s  working w i t h  ac a c i d  e l e c t r o l y t e  avoid these  d i f f i c Q l t i e s .  
Soble metals  however a r e  needed as e l e c t r o c a t a l y s t s .  The r e s u i t i s g  
main disadvantages are t h e  high iriherent c o s t  acd the  , s e n s i t i v i t y  
of p l a t i n i u n  a g a i n s t  CO. 
Our a i n  t h e r e f o r e w a s t h e  u t i l i s a t i o n  of non-noble metal c a t a l y s t s  
for t h e  acodic  o x i d a t i o n  of c o m e r c i a l ,  i zqure  hydrogen i n  ar. e c i d  
f u e l  c e l l .  
?cur years  ago w e  d i scovered  t h a t  tungsten carbide i s  a usefu l  
e2ec:rocatalyst /l/. i:TC had s o  f a r  been kaovn i n  engineer ing a s  
i r e f r a c t o r y  n a t e r i a l  w i t h  hard wearing 2 r o p e r t i e s .  C a t a l y t i c  
p r o a e r t i e s  had not  u n t i l  t h e n  been a t t r i b u t e d  t o  t h i s  substsr,ce. 
In view of i t s  e x c e l l e n t  a c i d  r e s i s t a n c e  and good e l e c t r i c a l  cor.2.u~- 
t l v i t y  w e  nave prepared gas d i f f u s i o n  e l e c t r o d e s  f r o 3  IlC-poJveer. 
Cn these e l e c t r o d e s ,  a r r a r g e d  ir a convqntional h a l f - c e l l  v r i t ? l  
2 . K  F So, as an e l e c t r o l y t e ,  ive nave ceasured the  anodic hydrogen 

%e f i r s t  f i g u r e  shows t h e  r e s u k t s  of the t r i a n g n l a r  voltage- sweep 
measurements. X t h  argon o n l y  a t  a p o t e n t i a l  exceeding 7OO.mV agains t  
a I$ r e f e r e n c e  e l e c t r o d e  i n  the  saIte s o l u t i o n  according t o  Giner /2/ 
comences the oxida t ion  of the 7C. J i t h  hydrogen higher  c u r r e c t  
dens ic i eo  a r e  achieved which are a t t r i b u t a b l e  t o  t he  anodic oxids- 
t i 0 3  of hydrogen. S t a t i o c a r y  measureEents too  - as i n  Figure 2 - 
shoa zk.e hgclrogen consumption r a t e .  The r e s u l t s  f o r  c l i f fe rea t  c?=ge- 
r a t u r e s  provide a n  a c t i v a t i o n  energy i n  the  range o f  5.5 t o  7.6 
kcal /=ol .  
T'rese xeasurements were t a k e n  on a gas d i f f u s i o n  e l e c t r o d e  whic4 
.vss zazufactured from a coninercial q u a l i t y  of ':/C powder. But t o  
excluce secondary e f f e c t s  such as p o r o s i t y  e t c .  measurements a r e  
Sast zsde w i t h  smooth ;iiC e l e c t r o d e s .  Such e l e c t r o d e s  a r e  obtained 
b y  cbrbur iz ing  204n t h i c k  tuags ten  f o i l s w i t h  lan2black a t  t e q e r a -  
:&res 05 1~0-16OO0C. h t h i c k e r  s h e e t  ivould not. y i e i d  a f u l l  carbu- 
rization e f f e c t .  A t  t h e s e  saooth e l e c t r c d e s  the oxida t ion  and 
adsorp t ion  of hydrogen was neascred i n  a t h e r s o s t a t i c a l l y  c o n t r o l l e d  
c e l l .  Again a h a i f - c e l l  assembly w a s  chosen w i t h  a p l a t i r i z e d  pla- 
t im3 e l e c t r o d e  as t h e  refeFecce e l e c t r o d e ,  acd 21; F! SO, as t h e  . 
e l e c t r o l y t e .  The hydrogen was sGzeaned tkrough a f r i t .  (Fig.  3 )  
"--e-; l o a  cur ren t  C e n s i t l e a  a r e  observed a t  these  szooth .:!C e lec-  
- , , , ies -.? 

cuzzect  d e n s i t y  is a l r e a d y  fousd t o  occur. T h i s  is z a t h e r  a low 
v a l x  coiqared t o  s-00th p l a t i z c  e le  c t r c d e s .  The excharge cur ren t  
Cezs i ty  f o r  t t e  &//ti+ r e a c t i o n  a t  X C  is also very low, 0,4 ?&/ca2. 
:,'c 'ravc CeteraiceC t h e  k i c e t i c s  of AyLroges adsor?t ion ucder oper, 

ox' A da2'-' ,-on. 

.. 

- -  
for the acodic  hydroger o x i d a t i o s .  A t  ~ O * & / C I C *  tke lisiting 

w:bw-ib _ -  _-..- t cor ,di t ions.by p l o t t i n g  t h e  csazging curves.  ? o r  t k i s  

/ 
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l o g  d6 = log is + 2 l o g  ( 1 - 6 )  Ct 

., ..:.bL~ . c1 - -, P r e l r e s e n t s  tte degree of  c o x r i s e  - 6 I s  a r b l z r a r i l y  equated 

-. - -  ̂ - -  ,&..t, c 4  thz  hycirogen conce r t r a t io3  a i t k i n  t k e  e l e c t r o l y z e ,  
. .  . .  . . - - -  . . - ~  . . _ - _ _  ..-.icy f o r  the  z z x ~ z ~ ~  adsonba3le aroo.xyt - k i s  tke  r a t e  

+., n is the  o r d e r  of r e a c t i o n  ?:Iith regard t o  the f r e e  sur face  
s i z e s .  
Zigure 5 sk.o::.s l o g  G / d t  ? l o t t e d  over log ( 1  - 6). %e s l o p  of the  
curve and b.el=ce of zhe r e a c t i o n  oreer ri e x  fo..izd t o  be ur,ity f o r  
?latiz;;zi, f o r  t G g s t e n  carbide hovreve;. two. The sloije i s  very  x e i i  
rs ;zJZnci j le  f o r  t,l=e d i v e r s 2  .'iZ e l e c x o d e s .  
..-;=i -;atinurn O E  s x r ' a c e  s i t e  i s  ceeeec,  i . e .  t h e  adso rp t ion  o f  
tLe < zo iecu le  Ceter=l l res  tix r a t e  o f  t he  zeact ior , ;  w i th  ,'iC and 
reactlor.  o rder  2,ho.::ever ,:YO sur face  s i t e s  i r e  nee&&. Tne rate 
Leterz.IrLizg s t e g  Lere i s  the  d i s s o c l a t i o n  of t h e  H, xo lecule :  

- - -  

. .  . 

_-  
'-2 a& 2 'rad 
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R E A C T I O N  F 2 C H A U N I S M S  OF T H E  3 Y D F U Z I N E  ELLCTRODZ 

M. Barak and G.3. Lomax 

E l e c t r i c  Power S t o r a g e  L i r i t e d  
Manchester ,  England. 

1 .  J n t r o d u c t i o n  

The o v e r a l l  r e a c t i o n  a t  t h e  h y d r a z i n e  e l e c t r o d e  is:- 

2 4  
N ii + 40B- - N2 + 4H20 + 4e 

Pavela( '  ) sugges ted  t h a t  t!.e mechanism i n v o l v e s  t h e  a n o d i c  o x i d a t i o n  of hydrogen 
d e r i v e a  from t h e  decomposi t ion of hydraz ine ,  i . e .  

- 2H2 + N2 and H2 + 20H- - 2H20 + 2e 

A l t e r n a t i v e l y ,  Scpak(') concluded t h a t  a t  t h e  hydraz ine  e l e c t r o d e  t h e  
h y d r a z i n e  molecule  is s y s t e m t i c a l l y  degraded through v a r i o u s  r a d i c a l a ,  e.g. 

N2H4 

N a+ 
N2B2+ 2 

F H 
2 3  

t o  f i n a l l y  produce n i t r o g e n  g a s .  

The r e v e r s i b l e  e l e c t r o d e  p o t e n t i a l s m c a l c u l a t e d  fron. ,Gibbs Free Ene.rgy d a t a  f o r  ~ 

t h e  Pavela  a d  Szpak n e c h a n i s r s  a r e  r e s p e c t i v e l y . 0 . 0 0 0 V  and -0.33V. a g a i n s t  a 
hydrogen e l e c t r o d e  i n  t h e  same s o l u t i o n .  The r e p o r t e d  v a l u e s  f o r  t h e  o i c u i t  

Consequent ly  i t  has been suggested?') that t h e  observed open c i r c u i t  p o t e n t i a l  of 
t h e  hydrgz lne  e l e c t r o d e  is a consequence of t h e  o x i d a t i o n  of hydraz ine(1  ) proposed 
by S z p a k l a )  and the  e l e c t r G l y s i s  of water  ( 2 ) .  

p o t e n t i a l  of t h e  hydraz ine  e l e c t r o  e a r e  i n  t h e  range -0.03V + -0.16V(3 $9" ' I  c 'i . 

N2B4 + 40H- - N2 + 4H20 + 4e Eo = -0.33V ( 1 )  

4H20 +' 4e - 2H2 + 40H- Eo = -0.OOV ( 2 )  

Nc c o - c l s s i v e  d a t a  h a s  been p u b l i s h e d  however, on t h e  n a t u r e  of t h e  r e a c t i o n s  
o c c u r r i n g  on hydraz ine  e l e c t r o d e s  working under  the  c o n d i t i o n s  encountered  i n  
fuel c e l l s .  A s t u d y  was t h e r e f o r e  made of t h e  r e a c t i o n s  o c c u r r i n g  on t h e  hydraz ine  
e l e c t r o d e  by i n v e s t i g a t i n g  t h e  r e a c t i o n  products  and t h e  d i s c h a r g e  c u r v e s  a s s o c i a t e d  
w i t h  a t y p i c a l  working e l e c t r o d e .  T h l i p a p e r  d e s c r i b e s  t h e  r e s u l t s  o b t a i n e d  on an 
u n c a t a l y r e d  s i n t e r e d  n i c k e l  e l e c t r o d e ,  worked under conditions where t h e  fuel 
c o n c e n t r a t i o n  m e  r t r i c t l y  c o n t r o l l e d  wi th  r e s p e c t  t o  t h e  c u r r e n t  be ing  drawn from 
t h e  system. 

2 .  C x p e r i o e n t a a  

2 . :  A D P  a r e t u s  

The a p p r a t u s  i s  shcwn s c h e z a t i c a l l y  i n  Flg. 1 .  The e l e c t r o d e  A ,  d i a m e t e r  5.7 cm 
wqs s e c u r e i  i n  t tLe wal l  of t h e  e l e c t r o l y t e  c e l l  B ,  by the A c r y l i c  cover  C .  The . 
<aze:;s r e a z t i c r .  ; r c i u c t s  were remo-;ed f r o -  t t e  c e i ;  by t h e  p o r t s  D and E. Amonia  
i t i c h  x q s  ;roc!,;cer! a t  h igh  c u r r e n t  der.s;ties was re roved  f r o n  t h e  e f f l u e n t  g a s  by 
a s t a n d a r d  so1u:ion of h y d r o c h l o r i c  a c i d  i n  t h e  s c n b b e r  F. The f low rate and the  
composi t ion  of t h e  g a s  p a s s i n g  f r o n  the  s c r u t b e r  were r e s p e c t i v e l y  measured on the  
bdbble  f low n e t e r  G and a g a s  ck.romatograph. 

J 

i 

i 

I 
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The f u e l  T i x t u r e  of  hydraz ine  h y d r a t e  i n  7M potassium hydroxide s o l u t i o n  was 
c o n t a i n e d  i n  t h e  r e s e r v o i r  H. The f u e l  mix ture  was f o r c e d  f r o m  t h e  r e s e r v o i r  H 
through 'he c a p i l l a r y  J t o  t h e  chamber K a t  t h e  rear o f  t h e  e l e c t r o d e .  
f low was c o n t r o l l e d  by v a r y i n g  t h e  n i t r o g e n  g a s  p r e s s u r e  a p p l i e d  t o  t h e  tank H 
and i t s  flow r a t e  was de termined  from t h e  d i f f e r e n t i a l  p r e s s u r e  L developed a c r o s s  
t h e  c a p i l l a r y  J .  The f u e l  mix ture  flowed through t h e  t e s t  e l e c t r o d e  i n t o  t h e  c e l l  B, 
and t h e  e x c e s s  l i q u i d  t h a t  accumulated i n  t h e  c e l l  was d r a i n e d  away v i a  t h e  tube  N. 
The c e l l  B was conta ined  i n  a water j a c k e t  main ta ined  a t  6OOC. The c u r r e n t  f lowing  
between t h e  t e s t  e l e c t r o d e  A and t h e  a u x i l i a r y  e l e c t r o d e  P was c o n t r o l l e d  by t h e  
r e s i s t a n c e  Q and measured by t h e  ammeter R.  The p o t e n t i a l  o f  t h e  e l e c t r o d e  A was 
measured a g a i n s t  a mercury mercurous oxide h a l f  c e l l  S on t h e  v a l v e  v o l t a m e t e r  T 
then  t h e  r e s u l t s  were t ransposed  to  t h e  p o t e n t i a l  a g a i n s t  a hydrogen e l e c t r o d e  
i n  t h e  sale e l e c t r o l y t e .  

2 .2  Procedure 

An e l e c t r o d e  5.7 cm d i a m e t e r  was c u t  from 7 6  porous ,  0.08 cm t h i c k ,  s i n t e r e d  
n i c k e l  plaque.  The e l e c t r o d e  was c a t h o d i s e d  f o r  f i v e  minutes  i n  1 6  s u l p h u r i c  a c i d  
s o l u t i o n  and thoroughly  washed i n  d i s t i l l e d  water .  A f t e r  s e c u r i n g  t h e  e l e c t r o d e  i n  
t h e  c e l l  wal l ,  t h e  i n t e r i o r  of t h e  box was f i l l e d  w i t h  a 7M s o l u t i o n  of  potassium 
hydroxide c o n t a i n i n g  v a r i o u s  c o n c e n t r a t i o n s  of hydraz ine  h y d r a t e .  

When t h e  c e l l  e l e c t r o l y t e  a t t a i n e d  a c o n s t a n t  tempera ture  of  6OoC t h e  f u e l  mix ture  
was f e d  t o  t h e  e l e c t r o d e  a t  a prede termined  flow r a t e .  The working p o t e n t i a l  o f  
t h e  e l e c t r o d e  and t h e  a n a l y s i s  of  t h e  e f f l u e n t  g a s  were determined f o r  c u r r e n t  
d e n s i t i e s  between 0 and 500 mA.cm-a a t  v a r i o u s  f low rates  and c o n c e n t r a t i o n  of 
f u e l .  

The f u e l  

3. R e s u l t s  

3.1 Gaseous Evolu t ion  from a Workina Hydrazine E l e c t r o d e  

The g a s e s  evolved from a working hydraz ine  e l e c t r o d e  were ana lysed  and t h e  r e s u l t s  
a r e  shown i n  Table  1 where t h e  r e s p e c t i v e  f low rates of n i t r o g e n  and hydrogen a r e  
quoted  a t  v a r i o u s  c u r r e n t  d e n s i t i e s  when t h e  f u e l  c o n c e n t r a t i o n  was 1.5M and its 
f low r a t e  was 30 ml.min". 

Working 
P o t e n t i a l  

V 
-0.075 
-0.066 
-0.050 
-0.035 
-0.025 
+O .030 
+o .038 
+0.045 
+O .050 
+O .055 

Table  1 

Gas Evolu t ion  f o r  a Working Hvdrazine E l e c t r o d e  

C u r r e n t  Ni t rogen  Hydrogen Ni t rogen  C a l c u l a t e d  from 
Dens i ty  the  C u r r e n t  + H2 Evolved 

m ~ .  m l  . min-' ml .min-' m l  .min-' 

50 
100 
150 
200 
250 
300 
350 
400 
450 
500 

6.46 
5.7 
7.6 

11.4 
15.5 
20.25 
20.3 
23.8 
30.5 
29.2 

4.78 
2.0 
0 .2  
0.1 
0 
0.25 
0.4 
0.73 
1 .80 
3 .4  

5.03 
6.29 
8.0 

10.65 
13.2 
16.1 
18.7 
22.56 
24.7 
28.1 
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A graph of t h e  i n c r e a s e  i n  working p o t e n t i a l  w i t h  c u r r e n t  d e n s i t y  i s  shown ir. Fig .  2. 
S i m i l a r l y ,  Pig. 3 shows t h e  working e l e c t r o d e  p o t e n t i a l  p l o t t e d  a g a i n s t  hjjdrogen 
e v o l u t i o n  expressed  f o r  convenience as l o g l o  H2 evolved on c l o s e d  c i r c u i t .  

The e x p e r i n e n t a l  t echnique  used f o r  q u a n t i t a t i v e  measurements o f  hydrogen e v o l u t i o n  
was not capable  of d e t e c t i n g  t h e  small amounts of g a s  evolved w i t h i n  t h e  p o t e n t i a l  
range 4 .035V to  +0.030V. The observed r e s u l t s  p l o t t e d  i n  F ig .  3 however, appear  
t o  suggeet a r e l a t i o n s h i p  between t h e  l o g  H evolved on c losed  c i r c u i t  and t h e  
working p o t e n t i a l ,  which g r a p h i c a l l y  f o l l o w s  a p a r a b o l i c  curve .  
i n  F ig .  3, wae the:-efore e x t r a p o l a t e d  t o  pass through a m i n i m u . ,  and i t  is 
i n t e m t i n g  t o  note  that t h e  p o t e n t i a l  o f  the  minimum coinc ided  w i t h  c u r r e n t  d e n s i t y  
inr ' l ex ion  x shown i n  Fig .  2. 

3.2 E f f e c t  of  Fue l  Flow Rate on a Hvdrbe  E l e c t r o d e  

When t h e  flow r a t e  o f  O.5M f u e l  through the  e l e c t r o d e  was v a r i e d ,  t h e  i n f l e x i o n  i n  
t h e  d i s c h a r g e  c h a r a c t e r i s t i c  shown i n  F ig .  2 was found t o  be dependent upon t h e  
ra%e at  which f u e l  m i x t u r e  passed through t h e  syatem. Table  2 shows t h e  c o r r e l a t i o n  
betwren f u e l  f l o w  r a t e  and t h e  i n f l e x i o n  c u r r e n t  d r n s i t y .  

10 2 This  Furve ,  shown 

Table  2 

I 

The E f f e c t  of  Fuel  Flow Ra t o  

m l  .min-' mA.cm3 

37 140 
56 200 
78 250 

140 385 
220 550 

Fuel  Flow Rate I n f l e x i o n  Current  D e n s i t y  

3.3 E f f e c t  of Fuel  C o n c e n t r a t i o n  OIL a Bvdra z i n e  E l e c t r o d e  

At 30 ml.min" t h e  c o n c e n t r a t i o n  of the. f u e l  p a s s i n g  through a working hydrazine 
e l e c t r o d e  was v a r i e d  between 0.5M and 4.0H. 
characteristics observed i n  p r e v i o u s  expe r imen t s  was found to  be  dependent  upon 
t h e  f u e l  c o n c e n t r a t i o n  a8 shown i n  Tab le  3. 

The i n f l e x i o n  i n  t h e  d i s c h a r g e  

m&Lt 
The Effect o f  Fu e l  C o n c e n t r a t i o n  

-e Concent ra t -  Inflr.lon . C u r r e n t  Dens i tv  

II m ~ .  cm" 

0.5 90 
1.0 . 190 
2 .o 3 90 
4.0 >500 

4 Discua r ion  

A l l  t h e  expe r imen t s  on working hydraz ine  e l e c t r o d e s  produced a n  i n f l e x i o n  i n  t h e  
' i scharge  c h a r a c t e r i s t i c  as t h e  p o t e n t i a l  of t h e  e l e c t r o d e  passed through zero  on 
:he hydrogen m a l e  ( F i g .  2 ) .  
t h e  a v a i l a b i l i t y  of fuel, e i t h e r  in t e r n  of  c o n c e n t r a t i o n  o r  flow rate. I f  t h e  
F d s r i e a t i o n  c u r v e  i n  Fig. 2 i a  p l o t t e d  i n  tenas of p o t e n t i a l  a g a i n s t  l o g  
d e n e i t y )  ehovn i n  P i g .  4, then  i t  can be seen  t h a t  t h e  graph d i e p l a y s  t w o ' 8 i s t i n c t  

The p o i n t s  of i n f l e x i o n  were ehown t o  depend upon 

( c u r r e n t )  

I 

/ 
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s t r a i g h t  T a f e l  l i n e s  A and B. 
i n  T a b l e s  2 and 3 s u g g e s t  t h a t  t h e  e l e c t r o d e  can work v i a  two mechanisms. As t h e  
t h e o r e t i c a l  and observed n i t r o g e n  e v o l u t i o n  rates agree w i t h i n  exper imenta l  e r r o r  
i t  was concluded t h a t  t h e  measured e v o l u t i o n s  o f  hydrogen and n i t r o g e n  were 
f a r a d a i c a l l y  c o n s i s t e n t  w i t h  t h e  c u r r e n t s  drawn from t h e  working e l e c t r o d e .  T h i s  
j u s t i f i e s  t h e  c o n c l u s i o n s  drawn from Fig ,  3 which shows t h a t  t h e  e v o l u t i o n  o f  
hydrogen was a t  a minimum i n  t h e  r e g i o n  of  zero  p o t e n t i a l  and i t  is  probable  t h a t  
t h e  mechanism changed a t  t h i s  p o i n t .  

S u s b i e l l e s  and Bloch(' 
t h e  hydraz ine  e l e c t r o d e  is  a mixed p o t e n t i a l  a r i s i n g  from the  d i r e c t  o x i d a t i o n  of 
h y d r a z i n e  and t h e  e l e c t r o l y s i s  of water. I n  t h i s  c a s e  t h e  hydrogen e v o l u t i o n  
s h o u l d  i n c r e a s e  a s  t h e  p o t e n t i a l  of the  h y d r a z i n e  e l e c t r o d e  becomes more n e g a t i v e  
r e l a t i v e  t o  t h e  hydrogen e l e c t r o d e ,  Conversely when the  hydraz ine  e l e c t r o d e  i s  
a t  zero  v o l t s  on t h e  hydrogen s c a l e  t h e r e  should  be no n e t t  e v o l u t i o n  of hydrogen. 
The r e s u l t s  i n  F ig .  3 
t o  pass through a minimum, and t h a t  i t  i n c r e a s e s  d i r e c t l y  wi th  i n c r e a s e s  i n  t h e  
n e g a t i v e  p o t e n t i a l .  T h i s  would s u g g e s t  t h a t  t h e  p o t e n t i a l  is  a consequence of  
two s imul taneous  r e a c t i o n s  which occur  i n  t h e  r e g i o n  n e g a t i v e  t o  t h e  hydrogen 
e l e c t r o d e .  The n e g a t i v e  p o t e n t i a l s  however, e x c l u d e  t h e  p o s s i b i l i t y  of  t h e  
h y d r a z i n e  e l e c t r o d e  working v i a  t h e  thermochemical r e a c t i o n  

These l i n e s  t o g e t h e r  w i t h  t h e  i ! i f lex ion  observed 

have sugges ted  t h a t  t h e  observed open c i r c u i t  p o t e n t i a l  o f  

show t h a t  a t  z e r o  p o t e n t i a l  t h e  hydrogen e v o l u t i o n  appears  

N2 N2H4 - 2H2 + 

and t h e  e l e c t r o c h e m i c a l  r e a c t i o n  

H2 + 20H- - 2H20 + 2.5 

T h i s  l e a v e s  t h e  more probable  mechanism i n v o l v i n g  t h e  d i r e c t  o x i d a t i o n  of hydraz ine  

N2H4 + 40H- - N2 + 4H20 + 4e 

a s s o c i a t e d  w i t h  t h e  s imul taneous  e v o l u t i o n  of  hydrogen by t h e  e l e c t r o l y s i s  o f  water 

4H20 + 4e - 2H2 + 40H- 

The rate e q u a t i o n  f o r  e l e c t r o c h e m i c a l  p r o c e s s e s  is  

i = io exp [-% a 

where i = C u r r e n t  density(A.cm-') s u p p o r t i n g  an 
o v e r p o t e n t i a l  T ( V j  

i = Exchange c u r r e n t  (A.cm-a) 
no = 
F = Farada ic  e q u i v a l e n t  
R = Gas Cons tan t  
T = Temperature ( O K )  

a = Exchange c o e f f i c i e n t  

Number of e l e c t r o n s  passed 

Th terms i , n ,  F. R ,  T and a a r e  c o n s t a n t s  provided t h e  c o n c e n t r a t  on of r e a c t a n  
remain c o n s e a n t .  

i = K ,  e x p  [-K21'] 

where K ar.d K a r e  c o n s t a n t s .  The r e l a t i o n s h i p  between the  c u r r e n t  iN and the  
o v e r F o t e n t i a 1  4, a s s o c i a t e d  wi th  t h e  d i r e c t  o x i d a t i o n  of  hydrazine becomes, 

Under t h e s e  c i r c u n s t a n c e s  the  ra te  e q u a t i o n  is  s i m p l i f i e d  t o ,  

1 

11, = K , ~  e x p  [-K2N7rJ 

9 
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S i a i l a r l y  t h e  c u r r e n t  i a s s o c i a t e d  w i t h  t h e  e l e c t r o l y s i s  of water  i s ,  A 
I- -! 

'?he r a t i o  oi the  c a r r e c i s  f 3 r  t c t i i  the r e a c t i o z s  can be expressed a s  

( 3 )  

5;t tr.e r e i a t i o c s h i ?  betueer, Ts sr.4 7 ,  is 

i 

-H 
10g 4 = B + C l l H  

where B and C are c o n s t a n t s .  

I t  can be s e e n  thnt  i f  a ?  E e z a t i v e  p o t e n t i a l s  on t h e  hydrogen s c a l e ,  t h e  r e a c t i o n  
-r.'~cl;.;~'.g t h e  d i r e c t  e iec:r>zher . -cal  cx;d.atior, o f  h y d r a z i x  o c c u r s  s i x l t a n e o u s l y  
*;tk : . .e elec:r:lys:s :f w i r e r  ;:. a w a r k ~ n g  hydraz ine  e l e c t r o d e ,  then  the  r a t i o  

N i 

H l o r  
'H 

were t h e r e f o r e  eva lua ted  fr?- t h e  z e g a t i v e  r e g i o z  o f  Table  1 and t h e  r e s u l t s  a r e  
snowp i n  Fig. 5. 
l o g  - -' 
a r i s i n g  fr?? t h e  e 1 e c t r o ; y t i c  d e c o c ? o s i t i o n  of water .  

A s  :he evslLitisr. of h:;drogen a t  n e g a t i v e  ? o t e n t i a l s  is an e l e c t r o c h e m i c a l  process  
governed by t h e  r a t e  e q u a t i o n  

iH - - io ex?  [-% 

shoLlld be pro;or:iocai ';a "ne o v e r p o t e n t i a l  7 , .  Values of iN, iH and 7 

I t  can be seen t h a t  t h e  o v e r p o t e n t i a l  f13 was p r o p o r t i o n a l  t o  

i n d i c a t i n g  t h a t  t h e  hydrogen e v o l u t i o n  was ar. e l e c t r o c h e r c i c a l  p rocess  
'H 

~ i .  * l i . .  _... '.e seer. ti-a: a t  z e r c  o v e r ? o t e n t i a l  the hydrogen evolved would be e q u i v a l e n t  
* -  .. . 
~. ..-.e exz.-.;:nce cl;rre?:. : _ .  
: - - s e i  C L ~ C  .:: k.:;li ?&sc -:.~~i?!. zir.ic1 ... . ra iue 8s t h e  r o t e n t i a i  passes  through 
ze ro .  I t  was t h e r e f o r e  ; c r s i r l e  t o  c a l c u l a t e  t i e  hydrogen e v o l u t i o n  a t  z e r o  
r o t e n t i a l  ar.d t h i s  was fouzd t o  be 2.616 zl .Giz- ' ,  which i s  e q u i v a l e n t  t o  a 
c u r r e r r  I = 8.65 I: 103A.  Ti,e exchange c u r r e n t  f o r  t h i s  r e a c t i o n  was es t imated( ' )  
a: io = 4 I 107A.cn-a. 
c a i c u l a t e d  f r o -  the r a t i o  

..-w Fig .  3 S T . ~ W S  t h a t  t h e  t e r n  l o g l o  H2 evolved. a t  

The a c t i v e  area of  t h e  hydraz ine  e l e c t r o d e  was t h e r e f o r e  

- -  T - 2.2: n2 
L O  

A t y r i c a l  h:..drazir.e e l e c t r z i e  wi th  a s u p e r f i c , i a l  a r e a  of  16 n7 would weigh 3.2 g .  
Tke  a c t i v e  a r e a  t o  weiqht  r a t i a  woild t h e r e f o r e  be 0.7 m'.g-? This  r e s u l t  a g r e e s  
c l tce i : ;  u- f r .  t h e  .:5i;e of C .ut -a c s l c u h : e &  fro:. Foros i t ; ;  zeasure-en ts  on  
-..:.:ere2 :.::.<e- ;:aiues. 

Tr.-s ::.e 6;+,;~311;:. :? t z e  ra:e e:,st-c:. i; tr.e e iec t rccne : r , i ca l  r e a c t i o n s  

, 

. .  

?reduces a r e s a i t  :ha: ?? .coret ical l : ;  c o r r e i a t e s  witk. t h e  ckserved v a l u e s  o f  e l e c t r o d e  
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N a c t i v e  a r e a ,  and t h e  p r o p o r t i o n a l  r e l a t i o n s h i p  between l o g  7- and t h e  o v e r p o t e n t i a l  
. 'H 

1, a t  n e g a t i v e  p o t e n t i a l s  below 0.OV. 
p o t e n t i a l  of a hydraz ine  e l e c t r o d e  i n  t h e  r e g i o n  n e g a t i v e  t o  zero  on t h e  hydrogen 
s c a l e ,  is a consequence of two competing e l e c t r o c h e m i c a l  r e a c t i o n s ,  the o x i d a t i o n  
of hydraz ine  and t h e  decomposi t ion of water: 

The r e a c t i o n s  o c c u r r i n g  i n  the  r e g i o n  p o s i t i v e  t o  zero  on t h e  hydrogen s c a l e  on a 
working hydraz ine  e l e c t r o d e  were f a r  more complex. 

i n  hydrogen e v o l u t i o n .  This  phenomena was a s s o c i a t e d  with t h e  s t r a i g h t  l i n e  T a f e l  
p l o t  B shown i n  F i g .  4. 
t h i s  i c e a s e  i n  t h e  hydrogen e v o l u t i o n  w i t h  t h e  r e a c t i o n s  proposed by e i t h e r  
Pavelay'? i.e. 

i 

It  was concluded t h e r e f o r e  t h a t  t h e  working 
1 

\ 

Fig .  3 shows t h a t  a s  t h e  working 
I p o t e n t i a l  of  t h e  hydrazine e l e c t r o d e  i n c r e a s e d  above z e r o ,  t h e r e  was a n e t  i n c r e a s e  

The r e s u l t s  show t h a t  i t  i s  not  p o s s i b l e  t o  c o r r e l a t e  

N2H4 - 2H2 + N2 and H2 + 20H- - 2H20 + 2e 

or Szpak(') i . e .  

N2H4 + 40H- - N2 + 4H20 + 4e 

The e v o l u t i o n  of ammonia i n  t h i s  r e g i o n  has been d e t e c t e d  on many o c c a s i o n s  and i t  
is  probable  t h a t  a number of p a r t i a l  o x i d a t i o n  processes  a r e  involved .  The 
dependence o f  t h e  i n f l e x i o n  c u r r e n t  d e n s i t y  on the  mass t r a n s f e r  o f  hydraz ine  t o  
t h e  r e a c t i o n  i n t e r f a c e  would s u g g e s t  t h a t  d i f f u s i o n  p r o c e s s e s  were o c c u r r i n g  
( T a b l e s  2 and 3) but  f u r t h e r  work w i l l  be r e q u i r e d  t o  i d e n t i f y  t h e s e  r e a c t i o n s .  

l 

! 
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ON THE PERFORMANCE OF WC ELECTRODES UPON OXIDATION OF 
HYDROGEN, HYDRAZINE, AND FORMALDEHYDE 

H. Binder, A. K%I.Ing, and G. Sandstede 

Battelle-Instltut e.V. 
Frankfurt am Maln, Germany 

1 . Introduction 
For wide application of fuel cells other than in space technology 
the one with an acid electrolyte will probably play the predominant 
part. We could show that in sulfuric acid hydrogen and carbon 
monoxide can be oxidized simultaneously at high current densities 
and temperatures below 100 O C  at electrodes with pre-sulfurized 
platinum as the catalyst ( 1 )  (2). 

However, the price of platinum, even if used in small amounts, is 
prohibitively high for the very broad application of fuel cells 
in everyday life. In the attempt to replace platinum a variety 
of substances has been investigated and proposed as a catalyst 
for a cell with an acid electrolyte. They did, however, not 
prove satisfactory. Some of them, e.g. C o M o O 4 ,  are not even 
stable against the attack of sulfuric acid. The activity claimed 
for several other substances was presumably due to the presence 
of traces of platinum in the product used as the catalyst in a 
fuel-cell electrode. So far, we have only found tungsten carbide 
(HC) to be catalytically active, which has recently been described 
as a catalyst for the.oxidation of hydrogen in acid electrolyte 
( 3 ) .  The present. paper deals with the preparation and the 
improvement of tungsten carbide electrodes at which not only 
hydrogen but also hydrazine and even organic substances can be 
anodically oxidized at considerably high current densities. 

2. Preparation of Electrodes 
Tungsten carbide which can serve as a catalyst has to be finely 
divided. Unfortunately, the commercially available substances 
generally do not meet this requirement. Tungsten carbide with 
a large surface area can be obtained, e.g., by precipitation 
from tlie Gas phase or by the carburization of finely divided 
tungsten powder with carbonaceous gases (CO or C I 1 4 ) .  We pre- 
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p a r e d  t h e  t u n g s t e n  c a r b i d e  r e q u i r e d  f o r  o u r  i n v e s t i g a t i o n s  by 
f i r i n g  an i n t i m a t e  m i x t u r e  of t u n g s t e n  powder and  s o o t  a t  a 
t e m p e r a t u r e  between 1100 OC and 1300 OC i n  a hydrogen a tmosphere .  

During t h e  f i r i n g  p r o c e s s  s i n t e r i n g  t a k e s  p l a c e  and t h e  r e s u l t a n t  
p r o d u c t  c a n  t,e used d i r e c t l y  as an  e l e c t r o d e  p r o v i d e d  t h a t  t h e  
s t a r t i n g  m i x t u r e  c o n t a i n e d  a pore-forming s u b s t a n c e  and w a s  
compressed t o  d i s k s .  Such a n  e l e c t r o d e  i s  a p p r o p r i a t e  f o r  t h e  
o x i d a t i o n  of f u e l s  d i s s o l v e d  i n  t h e  e l e c t r o l y t e  or may even s e r v e  
as a b u b b l i n g  e l e c t r o d e  f o r  the  o x i d a t i o n  o f  g a s e o u s  s u b s t a n c e s ,  
s u c h  a s  hydrogen .  

h3en u s i n g  hydrogen as f u e l ,  we u s u a l l y  p r e f e r  an e l e c t r o d e  w i t h  
p o l y e t h y l e n e  as a b i n d e r  backed  w i t h  a w e t - p r o o f i n g  l a y e r  made from 
PTFE, as  h a s  been  d e s c r i b e d  e l s e w h e r e  ( 4 ) .  

The b e s t  per formance  i s  a c h i e v e d  w i t h  e l e c t r o d e s  c o n t a i n i n g  a 
t u n g s t e n - c a r b i d e  p r e p a r a t i o n  whose carbon c o n t e n t  i s  somewhat 
s m a l l e r  t h a n  t h a t  c o r r e s p o n d i n g  t o  t h e  s t o i c h i o m e t r i c  v a l u e .  A n  
e x c e s s  of  carbon c o n s i d e r a b l y  d e c r e a s e s  t h e  c a t a l y t i c  a c t i v i t y  o f  
t h e  p r o d u c t .  

I 

For t h e  e l e c t r o c h e m i c a l  measurements  we u s e d  the half--pll  a r r a n g e -  I 
ment d e s c r i b e d  i n  d e t a i l  e l s e w h e r e  (5). w i t h  a n  au togenous  hydrogen 
e l e c t r o d e  i n  t h e  same e l e c t r o l y t e  d t  t h e  same t e m p e r a t u r e  as t h e  > I 
r e f e r e n c e  e l e c t r o d e .  For u s e  as  a b u b b l i n g  e l e c t r o d e  t h e  d i s k s  were 
f i x e d  i n  a p l e x i g l a s s  r i n g  by means o f  an  a d h e s i v e  and f i t t e d  i n  a r 

s p e c i a l l y  d e s i g n e d  e l e c t r o d e  h o l d e r .  Immersed e l e c t r o d e s  were f i x e d  
b y  a t a n t a l u m  w i r e  l o o p .  The e l e c t r o l y t e  - 2N H2SO4 - w a s  s a t u -  
r a t e d  w i t h  pure  a r g o n  i n  o r d e r .  t o  e x c l u d e  t h e  i n f l u e n c e  of  a i r .  I n  
most c a s e s  t h e  m e a s u r i n g  t e m p e r a t u r e  w a s  70 OC. 

3.2 C o r r o s i o n  and i t s  E f f e c t  on t h e  A c t i v i t y  

I n  s u l f u r i c  a c i d  f r e e  f rom oxygen c o r r o s i o n  o f  WC i s  n e g l i g i b l y  
s m a l l  a t  o p e n - c i r c u i t  p o t e n t i a l  or even  up t o  a p o t e n t i a l  o f  300 mv. 
Between 300 and 500 m v  a c o r r o s i o n  c u r r e n t  i s  o b s e r v e d  d u r i n g  
p e r i o d i c  p o t e n t i o - d y n a m i c  measurements  ( F i g .  1 ) .  A f t e r  some 
sweeps t h i s  c o r r o s i o n  c u r r e n t  s t a r t s  t o  d e c r e a s e  and  a f t e r  some 
hours t h e  c o r r o s i o n  has d i s c o n t i n u e d .  While c o r r o s i o n  t a k e s  
p l a c e  t h e  e v o l u t i o n  o f  a g a s  i s  observed  which means that  p a r t  o f  
t h e  c a r b o n  c o n t a i n e d  i n  t h e  c a r b i d e  i s  o x i d i z e d  t o  g i v e  carbon 
d i o x i d e .  

---------------------------------------- 

A f t e r  c e s s a t i o n  o f  c o r r o s i o n ,  i . e . ,  when t h e  p a s s i v e  s t a t e  i s  
r e a c h e d ,  t h e  c u r r e n t  d e n s i t y  a c h i e v e d  w i t h  hydrogen  i s  s m a l l e r  t h a n  
a t  t h e  b e g i n n i n g  of  t h e  e x p e r i m e n t .  F i g .  2 shows t h e  d e c r e a s e  i n  
a c t i v i t y  for a n  e l e c t r o d e  which h a s  been  c o r r o d e d  a t  a p o t e n t i a l ,  
o f  700 mv d u r i n g  16 hrs. I n  t h i s  c a s e  t h e  c u r r e n t  d e n s i t y  h a s  de- 
c r e a s e d  by a b o u t  20  p e r  c e n t  of  t h e  i n i t i a l  v a l u e .  

I t  h a s  n e v e r  been o b s e r v e d  t h a t  such a d i s a c t i v a t e d  e l e c t r o d e  can 
be r e a c t i v a t e d  by hydrogen  g a s  a p p l i e d  t o  t h e  e l e c t r o d e ,  n o t  even 
a t  o p e n - c i r c u i t  p o t e n t i a l ;  t h e  i n a c t i v e  l a y e r  can  be removed, 
however ,  by o t h e r  means,  e . g .  by a t r e a t m e n t  i n  p o t a s s i u m  hy- 
d r o x i d e  s o l u t i o n .  
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d ' c o n s i d e r a b l e  i n c r e a s e  i n  t h e  a c t i v i t y  i n s t e a d  of a d i s a c t i v a t i o n  
i s  o b s e r v e d ,  however,  when a n o d i c  c o r r o s i o n  t a k e s  p l a c e  i n  t h e  
p r e s e n c e  of  a r e d u c i n g  a g e n t ,  e . g . ,  hydrogen b u b b l i n g  through t h e  
e l e c t r o d e .  Hence t h e  a c t i v i t y  of a WC e l e c t r o d e  i n c r e a s e s  s l o w l y  
d u r i n g  i t s  o p e r a t i o n  as  a n  anode f o r  t h e  o x i d a t i o n  o f  hydrogen.  
Such a s low i n c r e a s e  i n  a c t i v i t y  t a k e s  s e v e r a l  d a y s  u n t i l  a f i n a l  
s t a t e  i s  r e a c h e d  where no f u r t h e r  a c t i v a t i o n  i s  o b s e r v e d .  More de- 
f i n e d  r e s u l t s  a r e  o b t a i n e d  w i t h  a s o l u t i o n  o f  h y d r a z i n e  s u l f a t e  i n  
t h e  s u l f u r i c  a c i d  e l e c t r o l y t e  a t  a p o t e n t i a l  o f  a b o u t  600 t o  700 mv 
m a i n t a i n e d  by means o f  a p o t e n t i o s t a t .  A p e r i o d  o f  some h o u r s  i s  
s u f f i c i e n t  t o  a c h i e v e  optimum a c t i v i t y .  I n  g e n e r a l  t h e  c u r r e n t  
d e n s i t y  a t  a g i v e n  p o t e n t i a l  can be i n c r e a s e d  u p  t o  t w i c e  i t s  i n -  
i t i a l  v a l u e .  

I n s t e a d  o f  h y d r a z i n e ,  formaldehyde  d i s s o l v e d  i n  t h e  e l e c t r o l y t e  can 
be used as  t h e  r e d u c i n g  a g e n t  f o r  t h e  a c t i v a t i o n  p r o c e s s .  The 
r e a s o n  why t h e  a p p l i c a t i o n  o f  a d i s s o l v e d  r e d u c i n g  a g e n t  i s  more 
e f f e c t i v e  t h a n  t h e  a p p l i c a t i o n  o f  hydrogen  may be s e e n  i n  t h e  f a c t  
t h a t  a d i s s o l v e d  f u e l c a n  i n  any e v e n t  r e a c h  t h o s e  p a r t s  of  t h e  
i n n e r  s u r f a c e  a r e a  o f  t h e  e l e c t r o d e  which a r e  r e a c h e d  by t h e  e l e c t r o -  
l y t e ,  whereas  i n  t h e  c a s e  o f  hydrogen  t h e  p o r e - s i z e  d i s t r i b u t i o n  
and t h e  v a r y i n g  p o r o s i t y  may r e s t r i c t  t h e  e x p e c t e d  a c t i v a t i o n  t o  
o n l y  a s m a l l  p a r t  o f  t h e  i n n e r  s u r f a c e  a r e a .  An e l e c t r o d e  which 
h a s  been  a c t i v a t e d  i n  t h e  manner j u s t  d e s c r i b e d  d o e s  n o t  undergo  
f u r t h e r  c o r r o s i o n  u p  t o  a p o t e n t i a l  o f ,  s a y ,  0 .7  v ,  n o t  even i n  t h e  
absence  o f  any  f u e l .  

F i g .  3 shows t h e  c u r r e n t - p o t e n t i a 1 , p l o t s  o b t a i n e d  w i t h  a n  a c t i v a t e d  
WC e l e c t r o d e  u n d e r  s t e a d y - s t a t e  c o n d i t i o n s  upon hydrogen o x i d a t i o n .  
A t  a p o t e n t i a l  o f  305 mv. a n d  a t e m p e r a t u r e  o f  9 0  OC a c u r r e n t  
d e n s i t y  o f  160 m a / c m  i s  measured w i t h  t h i s  t y p e  o f  a s i n t e r e d  
b u b b l i n g  e l e c t r o d e .  A S  a t e m p e r a t u r e  o f  25 OC t h e  c u r r e n t  d e n s i t y  
is r e d u c e d  t o  35 ma/cm . From t h e  dependence o f  t h e  c u r r e n t  d e n s i -  
t y  on t h e  t e m p e r a t u r e  a mean v a l u e  o f  5.8 kca l /mole  i s  d e r i v e d  f o r  
t h e  a c t i v a t i o n  energy  a t  a p o t e n t i a l  01' 300 mv. 

A s u r p r i s i n g  o b s e r v a t i o n  i s  t h e  f a c t  t h a t  h y d r a z i n e  i s  o x i d i z e d  a t  
a I i C  e l e c t r o d e  a t  c o n s i d e r a b l e  d e n s i t i e s ,  whereas  i t  i s  n o t  de- 
composed a t  o p e n - c i r c u i t  p o t e n t i a l .  F i g .  5 shows g a l v a n o s t a t i c  
c u r r e n t - v o l t a g e  p l o t s  o b t a i n e d  w i t h  h y d r a z i n e  i n  2N H2SO4 a t  a 
t e m p e r a t u r e  o f  70 OC. A t  a p o t e n t i a l  o f  400 mv a c u r r e n t  d e n s i t y  
of 80 ma/cm2 i s  a c h i e v e d  u n d e r  t h e s e  c o n d i t i o n s .  Moreover,  t h e  
f i g u r e  c l e a r l y  shows t h e  i n f l u e n c e  o f  a c t i v a t i o n  d e s c r i b e d  above.  

On t h e  o t h e r  hand ,  p o l a r i z a t i o n  i s  v e r y  h i g h  upon o x i d a t i o n  of  
h y d r a z i n e  i n  s u l f u r i c  a c i d .  The p e r i o d i c  p o t e n t i o d y n a m i c  p l o t  of 
F i g .  6 r e v e a l s  t h a t  o x i d a t i o n  s t a r t s  o n l y  a t  a p o t e n t i a l  o f  a b o u t  
2 0 0  mv. T h i s  may be due t o  t h e  f a c t  t h a t  h y d r a z i n e  s u l f a t e  i s  
formed i n  t h e  s u l f u r i c - a c i d  e l e c t r o l y t e  s o  t h a t  a h i g h e r  a c t i v a t i o n  
e n e r g y  i s  r e q u i r e d .  Hence t h e  performance of h y d r a z i n e  on IJC is 
somewhat improved by u s i n g  a s u l f u r i c - a c i d  e l e c t r o l y t e  w i t h  a 
c o n c e n t r a t i o n  s m a l l e r  t h a n  ZN, s i n c e  i n  t h i s  c a s e  t h e  s o l u b i l i t y  
o f  h y d r a z i n e  i s  g r e a t e r .  The b e s t  performance i s  a c h i e v e d  i n  a 
s o l u t i o n  of' h y d r a z i n e  s u l f a t e  i n  w a t e r  a s  t h e  e l e c t r o l y t e .  

h c i i  more i n t e r e s t i n g  t h a n  t h e  o x i d a t i o n  of h y d r a z i n e  a p p e a r s  t h e  
o x i d a t i o n  of  formaldehyde .  F i g .  7 shows t h a t  w i t h  formaldehyde 
a c u r r e n t  d e n s i t y  of  a b o u t  60  ma/ciii3 can  be a c h i e v e d  a t  a p o t e n t i a l  
o f  401J CIV, and t h a t  t h e  o x i d a t i o n  s t a r t s  a l r e a d y  a t  t h e  p o t e n t i a l  
o f  t h e  hydrogen e l e c t r o d e .  
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The current density depends largely on the concentration of form- 
aldehyde in the electrolyte, as is shown by Fig. 8. 

Unfortunatoly, oxidation o'f formaldehyde nearly stops at the stage 
of formic acid, which is only sAowly oxidized. At a potential of 
200 mv and a tomporature of 70 C a current density as low as 
1 ma/cm2 is obsorvod (Fig. 9 ) .  Even at 90 OC the oxidation rate 
is small comparod with that of formaldohyde. An interesting 
feature in tho oxidation of formic acid at 90 OC is the obser- 
vation t h t  it is dehydrogenated at the WC eledtrode under opsn- 
cirauit conditions. At low curront densities the oxidation of hydro- 
gon evolved I n  the deconpo8ition is the rate-determining step; at 
higher curllnt donaitie8 tho rat. of dshydrogonation is insuf- 
ficient, and direct oxidation of formic acid has to *take place. 
This new process requires a higher potential. The maximum current 
density is reachod at a potential of about 400 mv, as is shown by 
the peak in the periodic potentiodynamic current-voltage plot 
(Fig. 10). 

Acetaldehyde, too, is oxidized at WC. F i g .  1 1  shows that a 
current density of about 20 ma/cm2 is measured at a potential of 
400 IIR in periodic potentio-dynamic investigations. Under stead 
state oonditions the current density decreases to about 10 ma/cm I 

(Fig. 12). In the potential rango considered, the oxidation stops 
complotely at the stage of acetic acid. This means that at WC 
electrodes aaetic acid oan bo formod from acetaldehyde in an electro- 
chemical remuon, a process which might be of interest to the 
chemical industry. 

With propionaldehyde only small current densities are observed, 
which are even smaller in the case of other aldehydes. 

Neither alcohols, not sven methanol, nor carboxylic acids other 
than formic acid can bs elootrochemically oxidized at WC electrodes 
in sulfuric acid. 

I 

5- 

I 

4. Conolusions 
O u r  invostigations show that WC is an interesting new electro- 
catalyst at which not only hydrogen but also a variety of other 
substanaes can be oxidized. From our findings we conclude that 
the activation process described in this paper is due to the for- 
mation of tungsten oxides other than WO3 with an oxidation number 
smaller than six, for  instance tungsten bronzes of the type 
H,XO3, first reported by Clemser and Naumann (6). These bronzes 
a r e  considered as activators o f  platinum catalysts in the oxi- 
dation of earbon monoxide (7). Thus it might be the combination 
of such a bronze with WC as the carrier which gives rise to the 
good performance observed. We hope that these results will help 
us in o u r  efforts to replace platinum as a aatalyst even for the 
direct electrochemical oxidation of methanol or hydrocarbons. 

1 

r 

I 
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Fig. 1 Corrosion of WC in 2N H2SO4 at Anodic Potentials in the 
Absence of Reducing Agents at 70 OC. Periodic Potentio- 
dynamic Current-Potential Plots; dU/dt = 40 mv/min. 

Curve 1: Initial State 
Curve 2: Final (Passive)State 
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Fig. 2 Oxidation of Hydrogen at a WC Electrode in 2N H2s04 at 
70 OC. Periodic Potentiodynamic Current-Potential Plots; 
dU/dt = 100 mv/min. 

Curve 1: Initial State 
Curve 2: After Activation at a Potential of 

650 w in the Presence of Hydrogen 
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Fig. 6 Oxidation of Hydrazine at a WC Electrode in 
2N H2S04 at 70 OC. Periodic Potentiodynamic 
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THE EFFICIENCY CF HYDRAZIhT-PEROXIDE FUEL CELLS 

H. B. Urbach and R. J. Bowen 

Naval Ship Research and Development Laboratory 
Annapolis, Maryland 

IN T RO DUCT ION 

Hydrazine fuel cel ls  may  b e  a contender in some future applications 

of fuel-cel l  power ( re ference  1). However, the prec ise  evaluation of 

the hydrazine fuel ce l l  re la t ive to other  cel ls  requires  a knowledge of 

the i r  real izable  experimental  coulombic efficiencies. 

charac te r i s t ic  of hydrazine fuel cel ls  a r e  caused largely by self decom- 

posit ion of the hydrazine,  c r o s s  diffusion of hydrazine and oxygen 

through the porous s t ruc ture  of the cellsand by bleed of oxygen f rom the 

cell. A sample evaluation of such coulombic inefficiencies is made in  

th i s  repor t  based upon laboratory analysis of a single 6-in by 6-in cell  

The inefficiencies 

employing platinum catalyzed fuel cel ls .  

quite general .  However, the specific assignment of numerical  values of 

efficiency to other  sys tems should only be employed with the knowledge 

that considerable var ia t ion ex is t s  not only between different commercial  

sys t ems  but  within individual sys tems.  

The revelancy of the data i s  

DESCRIPTION OF THE EQUIPMENT 

. Mechanical Fea tures  of the Experimental  Apparatus 

High ambient p r e s s u r e s  were  developed in a pressur ized  system 

‘ I  
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s imilar  to that shown in  F igure  1. The p res su re  chambers  were  5-in 

and 9-in diameter  s tee l  vesse ls  ra ted at 15, 000 and 30,000 psi. r e spec -  

tively. Pressurizat ion '  of the sys tem was  achieved with high p r e s s u r e  \ 

argon and oxygen compressed  with air -dr iven compressors .  Cells of 

15 c m 2  (circular)  and 232 cm2  (6-in by 6-in square)  were  employed. 

I The hydrazine-electrolyte mixture  was circulated past  the. anode with a 

magnetically coupled centrifugal impel le r  for  the small  cell  with a p r e s -  

s u r e  -equilibrated submersible  centrifugal pump in  the la rge  cell .  

I , 
The 

electrolyte flow was monitored with a turbine flow me te r  (FI).  '< 

Electronic Components of the Experimental  Apparatus 

1 Polarization data  were  obtained by programming the cur ren t  sweep 

of a 50-amp Kordesch-Marko-type cur ren t  interrupter  and gate ( re ference  

.l 2 ) ,  recording sequentially by means  of a stepping switch, the anode, 

cathode and cel l  potential (including ce l l  potential cor rec ted  for ohmic 

lo s s e sf. 
7 

\ 

\ Fuel  Cell Components 

1 The anodes were  commercial ly  supplied pressed  teflon-platinum 
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2 powders  on gold-plated nickel s c r e e n s  with platinum loadings of 9 m g / c m  

T h e  cathodes w e r e  the s a m e  except that  the platinum loadings were  40 

m g / c m  . The electrolyte  w a s  fixed in a .030-in asbestos  matr ix .  The 

electrolyte  contained in  the asbestos  was in contact with the hydrazine-  

e lectrolyte  mixture  c i rculated behind the anode through the p o r e s  of the 

electrode.  

and nitrogen depending upon the differential  

different ia l  p r e s s u r e  gage D F  in F igu re  1) maintained between anolyte 

and catholyte compar tments  by the differential  p r e s s u r e  regulator within 

the  p r e s s u r e  vessel .  

2 

These  pores permit ted convection a n d / o r  diffusion of oxygen 

p r e s s u r e  (indicated by the 

EXPERIMENTAL RESULTS 

The  major  s o u r c e s  of t he  inefficiencies in  the hydrazine-oxygen fuel 

c e l l  a r e  derived from self-decomposition of the fuel, cross  diffusion of 

t h e  oxidant and fuel, and  from bleed of the oxidant. 

d a t a  on self-decomposition are  indicated i n  F igure  2. 

indicate the r a t e  of gas  evolution during increasing o r  decreasing load. 

G a s  evolution r a t e s  include both hydrogen and nitrogen evolution. The 

dashed l ine increasing with load r e p r e s e n t s  only the theoretical  nitrogen 

evolution discussed below. The ascending solid line i s  the s t ra ight  l ine 

para l le l  to the theoret ical  l ine of nitrogen evolution which b e s t  approxi - 

mates  t h e  experimental points.  The  descending solid line has  the s a m e  

absolute  value of slope.  

approaches  a minimum a t  approximatr ly  128 rnl/min-ft2 a lmost  6770 of 

t h e  open circui t  approximation of 200 ml /min- f t2 .  

The  experimental  

The a r rows  

T h e  points show a fall-off in gas rvolution which 
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Figure  3 represents  the c r o s s  diffusion of hydrazine f rom the 

anolyte through the anode and ce l l  mat r ix  to the cathode where the hydra-  

zine is oxidized to water  and nitrogen. The c r o s s  diffusion i s  measured  

by analysis  of the evolved gases  ra ther  than by electrochemical analyses  

a s  i n  reference 1. 

well a s  the hydrazine concentration. 

given in  ml/min-f t  

valent amp/f t2 .  

graphs and tables. 

The diffusion is dependent upon the applied load a s  

The equivalent hydrazine lo s s  is 

for  water-saturated ni t rcgen a t  25O C and i n  equi- 

Gas volumes a r e  always water-saturated at 25O C in  all 

2 

The most  significant fact  re la t ive to efficiency is that the c r o s s  

diffusion losses  of hydrazine decrease  rapidly with load. 

t ra t ions of hydrazine the rat io  of c r o s s  -diffusion losses  a t  open c i rcu i t  

and a t  load is much higher than the rat io  a t  high concentrations of hydra-  

zine. 

a t  3% the ratio is approximately 4. 5. 

At low concen- 

For example, a t  1% hydrazine the rat io  is approximately 20 whereas  

Table  I contains the raw data used to calculate  efficiency in  subsequent 

f igures .  

ce l l  potential a t  various loads. 

dependent upon the bleed r a t e  within the experimental l imits  of study. 

However, the logarithmic dependence is not uniform with cu r ren t  density, 

exhibiting increasing slope with the load. 

increased  c e l l  output most  strongly a t  high loads. 

Figure 4 i l lus t ra tes  the effect of experimental bleed r a t e s  on the 

The cel l  potential is  logarithmically 

Thus bleeds ra tes  effect 

DISCUSSION 

Self -Decomposition Losses  

Experimental g a s  -evolution data  for  hydrazine decomposition have 
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been reported in the open l i t e r a tu re  ( reference 2). It is possible to 

rationalize the shape of t he  experimental  cu rves .  

the mechanism of self-decomposition of hydrazine proceeds according to 

the following half cel l  and overal l  reactions: 

If i t  is assumed that 

N2H4 t 40H- N2 t 4H20t  4e (1) 

4H2W 4e -L 2H2 t 40H-  

N2H4 - 2 H 2  t N2 

(2)  

(3) 

then as the potential of the electrode becomes m o r e  anodic, reaction 

(2) will  be suppressed while reaction (1) is accel lerated.  F o r  every 

four equivalents of cha rge  one mole of nitrogen w i l l  b e  produced and 

2 moles  of hydrogen will b e  consumed. S h u s :  

(4) 
o K I  vn = Vn + - 

4 

Vh = Vh O - -- I f o r  I s i ~ :  / K  
2 (5) 

where  Vn and Vh are the volumes in l i t e r s  of nitrogen and hydrogen 

produced p e r  min-ft2, Vn and Vh a r e  the volumes produced under open 

circui t  conditions, K i s  (2981273) (22.4 x 601196, 500 and I i s  the cu r ren t  

density in amp/f t  . 
The total  gae production r a t e ,  Vt, is given by the s u m  of Equations (4) 

and ( 5 ) .  

0 0 

2 0 
When the c u r r e n t  density exceeds 2vh K,  v h  vanishes. 

0 0 
Tecognizing f r o m  Equation (3) that 2Vn equal v h  we obtain: 

(6a) 

(6b) 

0 K I  
Vt = 3 v n  - - fo r  I s 2 V E  / K  4 

o K I  
Vt = v, t - 4 for I ?  2Vg f K 

Thus ,  the slope of the descending portion of the gas evolution curve at 
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\ 

low cur ren t  densit ies i s  equal in absolute value to the slope of the 

ascending curve. 

curves  in Equations (6) a r e  equal whence, a t  the minimum, 

The minimum occurs  when the two branches of the 

Imin = 4Vx /K 

and 
0 

= 2vn Vtmin 

(7) 

Thus a t  the minimum, the total  volume of gas should correspond to 67% of 

the open circui t  gas  evolution. 

branch of the curve should be KI/4,  i n  agreement  with the theoretical  

value indicated by the dashed curve.  

Fu r the rmore ,  the slopes of the ascending 

These conclusions are closely 

approximated in F igure  2 and in the r e s u l t s  of reference 2. 

The re  is one a r e a  of divergence behveen theory and resu l t s .  In 

previous studies (unpublished) 

that not a l l  of the hydrogen is consumed. 

analytical  data on gas evolution indicate 

This  resul t  would suggest that 

some  self-decomposition does not occur a t  the electrodes but on insulated 

metal l ic  o r  catalytic sur faces  which cannot accomodate electrochemical 

discharge of the evolved hydrogen. 

Thus the c u r r e n t  of minimum gas evolution at  approximately 15.5 

amp/f t2  in F igure  2 might normally be  expected to correspond with the 

c u r r e n t  of self -decomposition indicated by the back-extrapolated (to zero)  

ascending branch of the curve which indicates 20 amp/f t2 .  

4 .  5 amp/f t2  (corresponding to 1. 5 arnp/ft2 since only a third of this gas 

The difference, 

should be nitrogen) might reasonably be  interpreted as self -decomposition 

, 
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on insulated metal  su r f aces .  

Cross  Diffusion Losses  

The resul ts  of F igu re  3 may be  compared with previous studies of 

c r o s s  diffusion reported i n  reference 1 .  The data  of reference 1 were  

obtained by a potentiostatic analysis of hydrazine under open circui t  

conditions. 

loss  of approximately 9.5 amp/ f t  

of 8 amp/f t  

The present  data ,  .interpolated to 30° yield a cross-diffusion 

2 in  good agreement  with the value 

2 obtained f rom Figure 3 (at 370 hydrazine) considering the 

differences in  the exper imenta l  conditions. 

The significant f ea tu re s  of the data in  F igu re  3, namely that loss/es 

a r i s ing  f rom c ross  diffusion dec rease  with load, a r i s e  f rom the fact  

that  under load the available hydrazine is more  rapidly consumed. 

interest ing i s  the fact  that the cross-diffusion l o s s  a t  lower concentrations 

Most 

of hydrazine i s  significantly les-s than half the l o s s  a t  higher concentrations. 

In par t icular ,  for example. a t  the 80-amp load, the loss a t  2% hydrazine 

is only 35% of the loss  at 3%. 

The possibility that  c r o s s  diffusion of oxygen dec reases  with load i s  

suggested by these resu l t s .  

Bleed Losses  

The data  of F igure  4 r ep resen t  not only bleed losses ,  but c r o s s  

I 

I 

I 

diffusion of hydrazine. The  nitrogen which i s  observed  in the oxygen 

bleed was  originally p a r t  of the hydrazine which was t ransported by 

diffusion f rom the anolyte flowing past  the backside of the anode through 

the a sbes tos  sepa ra to r .  Convection plays no ro le  in the t ransport  of this 
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\ 

I 

I 

hydrazine because the p r e s s u r e  gradient  in  the ce l l  i s  normally against 

the direction of hydrazine flow. 

The logarithmic dependence of the  ce l l  potential on oxygen bleed 

r a t e  suggests that the cathode potential is exhibiting a Nernst- l ike 

response  to the oxygen concentration which therefore  should be  l inear ly  

re la ted to the bleed ra te .  While logarithmic proportionality may exist 

the slopes of the curve's do not correspond to expected values for  typical 

Nernst  behavior. In addition, the slopes change with cu r ren t  density 

indicating more  complex relationships. 

Hydrazine Fuel  Requirements 

A formulation of fuel requirements  is simply stated i f  i t  i s  assumed 

that there  a r e  only four significant e lements  of fuel-cell inefficiency, 

the diffusion of hydrazine to the cathode, Dn, the diffusion of oxygen 

to the anode, Do, the bleed of oxygen f rom the cathode space,  B, and the 

self decomposition of hydrazine, S. 

Wn, in  t e rms  of the weight per  kamp-hr ,  Mn (0. 663 lb/kamp-iir for pure 

hydrazine) is  

The weight per  kw-hr of hydrazine, 

Mn I t D n t D o t S  
w n  = - (--I-- 1 E 

( 9 )  

where  E is the ce l l  output potential. 

en te r  into the expression for fuel requirements .  

The oxygen bleed t e r m  does  not 

In Table I the compilation of raw laboratory data, losses  

have been expressed in amp/f t2  for consistency. 

diffusion of oxygen, Do. ( see  column 3 which contains the sum of Do and 

The loss  due to 
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S) is obtained f rom F igure  5 which is reproduced f rom reference 1 .  

The value of Do is 1 amp/f t2  corresponding approximately to the c r o s s  

diffusion of 4500 psi and 50' C.  

t e r m ,  S, is 1.5 amp/ f t  and is derived f r o m  Figure  2 in accordance with 

the discussion above. 

hydrazine, Dn, namely, 5. 75, 3.7 and 3.8 amp/ f t  were  obtained exper i -  

mentally and deviate f r o m  the values 7.8, 5. 5 and 2. 6 interpolated from 

Figure  3 and cor rec ted  for  tempera ture .  The resu l t s  of Figure 3 r ep re -  

sent  a separa te  independent study a t  30° C.  

aging processee  and f rom difficulties associated with maintaining constant 

oxygen bleed, hydrazine diffusion r a t e s ,  and differential p re s su res  in a 

The value of the self decomposition 

2 

The average values for the c r o s s  diffusion of 

2 

The dispar i t ies  resul t  f rom 

dynamic system. .The reeul t s  of F igure  3 exhibit a l a rge r  fall-off in  the c r o s s -  

diffusion r a t e  as load i n c r e a s e s  than i s  apparent f rom column 2 of Table I. 

In fact  according to Table  I, the average  c r o s s  diffusion, Dn, is  slightly 

higher a t  80 amp/f t2  than a t  40 ampl f t  . 2 Figure  3 indicates that such 

behavior i s  anomalous. 

a period of several  hours  in  cont ras t  with the data of F igure  3. 

The  data  of Table I represent  measurements  over  

Thus, they 

may represent  changes in  the differential p r e s s u r e  between anode and 

cathode spaces  which modify the diffusion p rocesses  by superposition of 

convective flow pa t te rns .  

In the following ana lys i s ,  the values of hydrazine diffusion, Dn ,  

employed in  subsequent calculations a r e  those listed in Table I. 

inconsistency descr ibed in  the previous paragraph color the resul ts  of 

The 
I 
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the following analyses  to the extent of t 4 %  to -270 in the most discrepant 

c a s e s .  The discrepancy i s  on the conservative side in the most likely 

operating ranges.  

Columns 6 and 7, the hydrazine fuel requirement  calculated by use 

of Equation 9 are plotted a s  a function of the bleed r a t e s  i n  column 8 

in  F igure  6. 

bleed r a t e  within the range of 1 to 5 amp/f t2  does not change the fuel 

requirement  by m o r e  than 1. 570 

factor  in hydrazine fuel requirements .  

Peroxide Requirements 

The immediate conclusion to be  drawn is that the oxygen 

and is therefore  not the most  significant 

A formulation of peroxide requirements  is  given in Equation 10. 

The weight per  kw-hr of perpxide. 

required p e r  kamp-hr ,  Mo. (1.398 lb /kamp-hr  for  100% peroxide) is 

Wo, in t e r m s  o f  the weight of peroxide 

Mo I t D o t D , t B  
w o =  - (  I 1 

E 

Tne self-decomposition te rm,  S, in  Equation (9) is replaced by the bleed 

r a t e ,  B, i n  Equation (10). 

s e t  at 1 amp/f t2  corresponding to the c r o s s  diffusion a t  4500 ps i  and 

50 

r aw data of F igure  4. 

The value of Do has again been arb i t ra r i ly  

0 
C.  The values of Dn and B a r e  taken direct ly  f rom the measured 

See Table 11 for  a compilation of the input raw data 

and calculated values of weights p e r  kw-hr. 

plotted against  bleed r a t e  in  F igure  7. 

The required weights a r e  

The significant fact  again i s  that 

a t  cur ren t  densit ies where operation i s  likely because of high efficiency, 

the  bleed r a t e  is essent ia l ly  negligible in effect between 1 and 4 amp/f t2 .  
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F u e l  -Oxidant Requirements  

F igure  8 indicates that  fuel-oxidant requirements  per  kw -hr  (derived 

f r o m  Figures  6 and 7) exhibit broad minima with respec t  to oxygen 

b leed  ra te .  The significant conclusion, as before ,  i s  that the oxygen 

bleed r a t e  i s  not a significant factor a t  operating cu r ren t  densi t ies  such 

a s  40 amp/f t2  o r  grea te r  which would be  desirable  for reasonable  coulombic 

efficiency. 

F igu re  9 r ep resen t s  the specific fuel-oxidant requi rements  per  kw - 

h r  under varying load a s  determined by Figure  8. 

r a t e  is again s e e n  to be  small compared to the effect of load. 

The effect of bleed 

In cont ras t  

with behavior observed i n  hydrogen-oxygen fuel ce l l s ,  the specific fuel-  

2 oxidant requirements  dec rease  with load until approximately 80 amp/ f t  . 
Inc rease  i n  specific fuel-oxidant requi rements  probably inc reases  above 

2 80 amp/f t  

a n  uncertain a r e a .  Assuming acceptable l ife charac te r i s t ics ,  maximum 

energy  density appears  to occur  between 60 and 90 arnp/ft2.  However, a t  

least up to 80  arnp/ft2,  the  specific energy density of the tes ted cel ls  does 

where l ife charac te r i s t ics  of hydrazine fuel cel ls  represent  

not exhibit a maximum when trade-off ana lyses  a r e  made involving the 

operat ing power of fue l  c e l l s  and the 

oxidant. 

Coulombic Efficiencies 

power efficiency of fuel and 

F igu res  10 shows that the coulombic efficiency of the peroxide (oxygen) 

cathode i s  a function of bleed ra te  exhibiting a maximum f o r  high cur ren t  

dens i t ies  i n  the neighborhood of 1 amp/f t2 .  O n  the other  hand, F igure  11 

I 

i 

I 

I 

I 

i 
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i 

i 
I 

i 

shows that the coulombic efficiency of the hydrazine anode i s  essentially 

independent of oxygen bleed r a t e  over the range studied. 

and 13 show again that load ra ther  than bleed is the significant overal l  

F igures  12 

factor  in coulombic efficiency a s  in specific energy requirements .  

SUMMARY 

The coulombic efficiency and specific mater ia l  requirements  per  

energy unit of a hydrazine-peroxide single cel l  was studied. Electrodes 

were  a commercial ly  supplied var ie ty  prepared from p r e s s e d  powdered 

platinum and teflon powders in  6-in.  by 6-in. squares .  Analysis of the 

gas  evolution at hydrazine anodes indicates that a t  high loadings the 

self-decomposition l o s s e s  of hydrazine may be  negligible. 

diffusion of hydrazine (and possibly oxygen) decrease  rapidly with load. 

Bleed r a t e s  effect increases  in cel l  potential mos t  strongly a t  high 

loadings. 

C r o s s  

Hydrazine requirements  d e c r e a s e  only slightly with bleed r a t e .  

On the other hand, peroxide requirements  increase  with bleed r a t e  

although a t  high loads the increase  is small .  Combined fuel-oxidant 

requirements  per  energy unit show broad minima with respec t  to bleed 

r a t e .  

essent ia l ly  independent of bleed rate .  However, they a r e  strongly de-  

pendent upon load. Maximum energy density and coulombic efficiency 

may occur between 60 and 90 amp/ft2.  

At high cur ren t  densi t ies  the fuel-oxidant requirements  a r e  

The resu l t s  a r e  peculiar to the par t icular  system studied. In any 
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sys t ems  analysis ,  numer ica l  ass ignment  of efficiencies .should be 

based  upon experimental  evaluation of the fuel cel l  modules actually 

contemplated for  application. 

As a resul t  of the inc rease  of coulombic efficiency with load a t  

l ea s t  up to 80 amp/f t2  no  maximum may b e  expected when trade-off 

analyses  a r e  made  involving the operating power densi ty  of fuel cel ls  

and the coulombic efficiency of fuel and oxidant consumption. 
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GLOSSARY O F  SYMBOLS 

I 

B 

Dn 

DO 

E 

I 

K 

M 

Mn 

= Bleed loss  of oxygen in  amperes  p e r  square  foot 

= Diffusion loss of hydrazine in  amperes  pe r  square foot 

= Diffusion loss of oxygen in  amperes  pe r  square  foot 

Cell potential in volts 

= Current  density in amperes  p e r  square  foot 

= A constant 

= Mass requirements  per  kiloampere-hour 

= W t  of hydrazine-water m i x  p e r  kiloampere hour 

Mo 

S 

= W t  of peroxide-water mix  p e r  kilowatt hour 

= Self-decomposition loss  of hydrazine 

Vh 

Vn 

Vt  

W n  = W t  of hydrazine-water mix  p e r  kilowatt hour 

Wo 

= Volume of hydrogen in l i t e r s  produced p e r  minute p e r  square  foot 

= Volume of nitrogen in liters produced p e r  minute p e r  square  foot 

= Volume of all gases  i n  liters produced pe r  minute p e r  square  foot 

= W t  of peroxide-water mix  p e r  kilowatt hour 
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TABLE III - FUEL-OXIDANT REQUIREMENTS 

Total  
I Fue l  Oxidant W t  p e r  kw-hr 

Amp/ft2 W t  per kw-hr W t  per kw-hr (1000/0) 

20 1.045 2.109 3.154 
20 1.044 2.158 3.202 
20 1.034 2.204 3.238 
20 1.031 2.273 3.304 
20 1.027 2.473 3.50 
40 .898 1.844 2.742 
40 .889 1.841 2.73 
40 .a85 1.868 2.753 
40 .882 1.885 2.767 
40 .877 1.971 2.848 

Total  
Wt p e r  kw-hr 

(90%) B 

3.504 0 . 3  
3.558 0.9 
3.598 1.8 
3.671 2.8 
3.889 5 .5  
3.047 0 . 3  
3.033 0.8 
3.059 1. 6 
3.074 2.1 
3.164 4 .5  

1 

1.792 :: I :::: I 1.80 
80 .846 1.813 

2.646 
2.642 1 2.936 l:i:4 I i:: 2.659 2.9 
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Figure 3 - Effect of hydrazine concentration and load on nitrogen 
evolution at a platinum anode. 
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Figure  5 - Effect of p re s su re  on the c r o s s  diffusion of oxygen through 
a n  asbestos  separator  in a hydrazine-oxygen ce l l .  
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ELECTROCATALYSIS IN THE NICKEL-TITANIUM SYSTEM 

Eduard W. Justi,  Henning H. Ewe, Adolf W. Kalberlah, Nikolaus M. Saridakis, 

a'nd Martin H. Schaefer 

Institute of Technical Physics, University of Braunschweig 

Braunschweig. West Germany 

1. INTRODUCTION 

Europe offers no economic chances for application of fuel cells in mili- 
tary o r  space technology and therefore, all efforts a r e  focussed to eventual 
applications' in civilian technique. This has been the reason why Justi, 
Scheibe, and -Winsel (1) have postulated from their  beginnings in the early 
fifties to avoid principally r a r e  metal electrocatalysts when publishing 
their  double skeleton katalyst ("DSK") system of fuel cells. To achieve the 
necessary hizh cataly& activity of base metal catalysts operating at  a m -  
bient temperature they have introduced into electrochemistry for the first 
t ime Raney type microskeleton catalysts supported by inactive macroske- 
leton electrodes. Raney nickel in hydrogen anodes,and Raney silver oxy- 
gen (air) cathodes o r  s imi l a r  structures a r e  now widely used even in 
other countries for fuel cells operating with alkaline electrolytes at ambi- 
ent temperature and low pressure.  In the meantime Justi et al. ( 2 )  have 
investigated various other base metals concerning their abililty as  electro- 
catalysts and focussed their  present interest  to titanium which appears 
attractive for its low specific weight and huge hydrogen storage capacity, 
up to the nonstoichiometric hydride TiH 

Unfortunately titanium is corroding in alkaline electrolytes by forma- 
tion of irreducible impermeable T i 0  (ruti le) coating layers thus exclu- 
ding application in our fuel cell system. Moreover the above mentioned 
huge hydrogen storage capacity cannot be used efficiently by adsorbing 
hydrogen at  moderate temperatures and subsequent desorption a t  high 
temperatures. F o r  by this method of storing hydrogen about one half of 
the free energy of combustion of hydrogen would be wasted, a s  we have 
calculated by applying a Carnot cycle on experimental data such a s  tem- 
peratures,  pressures.  heat content,and heats of sorption. Therefore the 
goal of the present work is to combine the good catalytic and storing pro- 
pe r t i e s  of nickel  and titanium, and to avoid the disadvantageous ones, 
both for fuel cell and for accumulator electrodes. Of course this cannot 
be done simply by mixing both metals and thus averaging their various 
properties. However nickel and titanium a r e  forming some intermetallic 
compounds stable by relatively high energies of formation (about 8000 
cal/mole) with quite differing properties. These compounds and their 

1. 65' 

2 
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alloys may offer a chance of finding out electrocatalysts with really new 
and possibly favourable performance. To find this assertion plausible look 
at the complicated structure of the elementary cell of Ti Ni  crystal  con- 
taining 96 atoms (fig. 1) and offering at least  3 different distances between 
Ti-Ti, Ni-Ni. and Ni-Ti atoms, an increased tendency towards covalency 
between Ti and N i  atoms, and a corresponding variety of hydrogen binding 
energies ( 3 ) .  

2 . .  

2.DIAGRAM OF STATE OF THE BINARY SYSTEM Ti-Ni AND SCOPE OF 

PRESENT WORK 

According to the well known diagram of state ( 4 )  Ti and Ni form the 
intermetallic compounds Ti Ni, TiNi, and TiNi , out of which we have 
investigated Ti Ni and TiNi? As the left side od fig. 2 shows, T i  Ni  2 forms an eutechcum with 13-Ti. Therefore, all alloys containing less 
than 3 3 . 3  at-% N i  have finely dispersed Ti corroding in lyes and forming 
the above mentioned thick layer  of irreducible T i 0  . This is the reason 
why w e  have focussed our efforts to the interval beqween Ti Ni  and TiNi, 
this is from 33.  3 to  50 at-% Ni. The diagram of state shows that cooling 
down a melt of e. g. 43 at-% Ni s ta r t s  with precipitation of TiNi  thus 
enriching the residual melt with Ti. Continued cooling causes increased 
segregation of TiNi, until at  1015 C Ti Ni is formed by peritectic reac- 
tion of TiNi and the residual melt. A typical example of such a peritectic 
structure is shown in the micrograph fig. 3 at 250 t imes l inear magnifi- 
cation. The rounded off par ts  of the structure a r e  the residuals of prima- 
rily precipitated TiNi grains surrounded by peritecticly formed Ti  Ni. 

contents of Ti N i  and TiNi. Concerning the  TiNi-rich alloys a difficulty 
a r i ses  because TiNi is extremely hard and tough and can neither be 
rolled nor powdered. The nickel r ichest  composition we were able to 
mi l l  contained 53.  6 at-% Ti and 46.  4 at-% Ni. In this case the TiNi 
grains are prevailing but a r e  surrounded completely by the brittle Ti Ni- 
regions, a circumstance of importance for our results to be repor tez  

2 

0 
2 

2 
F o r  our experiments we have chosen several  alloys with different 

2 

3 .  STORAGEOF CATHODICALLY EVOLVED HYDROGEN 

F i r s t  of all we would l i k e  to learn i f  and how this alloy will accept 
cathodically evolved hydrogen. For  this purpose w e  have pressed and 
sintered DSK electrodes consisting of 3 gramms of the particular Ti  Ni- 

2 TiNi alloy with grain s izes  from 3 5  to 150 microns, and 6 gramms copper 
with grain s izes  below 6 microns a s  a soft macroskeleton preventing 
formation of cracks caused by volume increase of hydrogen accepting 
titanium. This c i rcular  electrodes of 4 0  mm diameter, corresponding 
to twice 12 oq. cm geometric surface were charged f i rs t  with 5 mA 
cathodically in 6m KOH a t  ambient temperature. Fig. 4 shows the poten- 
tials of several  specimens thus measured vs. reversible hydrogen poten- 
tial a s  function of the charge accepted. The potentials s t a r t  rather negative 
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and subsequently become somewhat more positive. This transient positive 
sign of potential may be explained by supposing an autocatalytic mechanism 
( 5 ) ,  this means the pr imar i ly  accepted hydrogen w i l l  favour subsequent 
entering of H-atoms. Probably this effect is caused by enlargement of the 
crystal  lattice facilitating the inclusion of additional hydrogen until com- 
plete saturation. 

Next diagram fig. 5 shows the slow anodic discharge of same electrodes 
at s ame  current strength. There a r e  striking differences between charging 
and discharging capacities. This difference may be called "irreversible 
capacity" o r  "first hydrogen" and is plotted in fig. 6 vs. Ni content of 
each specimen and one may conclude that only Ti N i  wi l l  bind the hydrogen 
s o  strongly. In this connection let u s  remember t i e  complicated structure 
of t h e  Ti Ni crystal  cell (fig. 1) offering a variety of interatomic distances 
and thus tinding energies. More precise  measurements, taking into 
account an initial corrosion of Ti Ni have shown that one molecule ofTi N i  2 may t rap i r reversibly about two hydrogen atoms. However, concerning %he 
storage capacity of the system Ti-Ni mainly hydrogen dischargeable i n  
the region of reversible hydrogen potential - this is up to 200 mv against 
reversible hydrogen - is of practical importance. These reversible capa- 
cities a re  plotted vs.  Ni-content af each alloy in fig. 7, and one may see  
that they decrease with Ni-content linearly, so the useful capacity is com- 
posed additively of those of the pure compounds T i  N i  and TiNi. Only the 
values of the Ti N i  r ichest  compositions a r e  devia&ng from this linearity. 
Micrographs have shown that these deviations may be caused by insuffi- 
cient breaking of alloys containing only a few grain boundaries. 'There- 
fore, w e  have feeled justifie'd to calculate the specific capacities of the 
pure compounds T i  N i  and TiNi by l inear  extrapolation of these measu- 
ring values of the a?loys. Thus the specific useful capacity of pure Ti N i  2 amounts to 0. 26 , and that of pure T i N i  to 0.245 amp. hrs/gramm. This 
means, that each molecule of T i  N i  may s tore  about-1.5 , and each mole- 2 cule of TiNi about 1 H-atom in a reversible way, and this hydrogen may 
be called "second hydrogen". 

According to our  hope mentioned in our introduction the reversible 
specific capacity is rather  high, but there a r e  several  other important 
points of view for the evaluation of an accumulator electrode, such, a s  
fast  charge acceptance, high discharging rate,  aging properties and 
so  on. Ti N i  offers excellent fast discharge performance, for the capa- 2 city decreases  but little on discharge rates  down to 15 minutes ("4 C"). 
In contrast to Ti Ni, the capacity of TiNi decreases  with increasing 2 discharge rate ,  what may be explained by slower diffusion of H-atoms 
within the TiNi crystal  lattice. 

tioned specimens by automatic cycling a t  a s i x  hours rate ( C / 6 )  within 
a potential interval from - 3 0  to + 200 mv v s .  reversible hydrogen 
electrode in the same  electrolyte 6m KOH a t  room temperature. The 
discharge capacity of T i  N i  r ich electrodes degraded to 50% after 45 
cycles already, whereazTiNi rich specimens, e. g. 5 3 . 6  at-% Ti and 

2 

To evaluate the cycling performance we have checked the above men.- 

J 
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46. 4 at-70 X i  reached this deterioration but after 300 cycles. 

One may conclude that it is mainly Ti  hTi which is responsible for aging 
2 of the alloys. This result  could be confirmed directly by microscopic in- 

spection of polished and etched specimens containing 5 7  at-% Ti and 43 at-% 
Ni ,  and comparing a virgin sample with another after 180 cycles. Fig. 8 
demonstrates that TiNi grains remain unaffected, whereas the surrounding 
Ti Xi regions became completely black under cycling. The information 
e v e n  by light rxici.oscopy have encouraged u s  to apply l a rge r  magnifica- 
tions using an  electron mi croscope and in addition to elucidate the struc- 
ture and composition by electron beam probe. Fig. 9a corroborates a t  IOOOx 
linear magnification that TiNi grains remain unchanged. Fig. 9b shows a 
monochromatic photo of the nickel X-ray radiation and indicates that the 
surface of TiNi grains is enriched in nickel. In contrast,the original Ti Ni 
phase has lost  most of i t s  nickel. Fig. 9c is a monochromatic picture o? 
Ti radiation and shows that Ti atoms a re  distributed rather  homogeneously. 
Fig. 9d proves an enrichement of potassium atoms in the a reas  of former 
Ti N i  grains. Another analysis has disclosed an enrichement of about 20% 2 oxygen there,  and both K and 0 atoms must have entered from electrolyte. 

However, the decrease of u s e f u l  capacity of TiNi rich alloys under 
cycling cannot be explained by Ti,Ni oxidation only, for the capacity of 
TiNi grains should remain unalteFed. According to fig. 8 the TiNi grains 
a re  surrounded by peritecticly formed Ti  N i  respectively the impermeable 
coating layers  formed by i ts  oxi dation, preventing the access  of hydrogen. 

2 

2 

4. HYDROGEN ADSORPTION FROM GASEOUS PHASE 

After the adsorption of cathodically evolved hydrogen by various Ti-Ni 
compounds we have studied the corresponding acceptance from gaseous 
molecular hydrogen. Fo r  this purpose w e  used electrodes with the data 
mentioned above. These electrodes were now provided with an additional 
fine pore copper coating layer,  and after being fitted in a conventional gas 
tight half cell arrangement with 6m KOH a s  electrolyte, hydrogen w a s  ad- 
mitted at p ressure  of 2 atmospheres to the active side of the electrode. 
In fig. 10 is plotted the hydrogen consumption Q(t) measured in amp. hrs  
equivalents per  gramm alloy containing 64 at-% Ti  and 36 at-% Ni ,  vs.  
time t in hours. The saturation value is about 0 . 4 4  amp. hrs/gramm, 
this is as  much a s  from cathodically evolved hydrogen (cf. fig. 4 ) .  The 
adsorption velocity Q(t)  of hydrogen is obtained by differentiating Q(t) ,  
and is also plotted in fig. 10 v s .  time. As one may see,  the adsorption 
s ta r t s  very slowly following an exponential function and reaching i t s  
maximum after 7 .  5 hours. This dependence on time may be explained 
by an autocatalytic mechanism similar  to the course of potential during 
the first  cathodic charging a s  described above, cf. fig. 4 .  

By this arrangement we have checked all our alloys and confirmed 
that they a r e  able to adsorb molecular hydrogen from the gaseous phase. 
Hydrogen adsorbed in this way may also be discharged electrochemically 
and therefore.  this alloy is suitable as  electrocatalyst in H anodes. 2 
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5. HYDROGEN ANODES 

However, for application of said Ti-Ni compounds and alloys as cata- 
lysts in hydrogen anodes, adsorption of molecular hydrogen does not suf- 
fice; in addition is deciding the voltage amperage performance. For this 
purpose we have made circular  gas diffusion electrodes of 40 mm dia- 
meter consisting of an active layer containing 3 gramm Ti-Ni compounds 
alloy with grain s ize  below '60 microns, 6 gramm electrolytic copper as  
macroskeleton and 1. 5 gramm Na  CO with grain s ize  below 75 microns 
as filler. This active layer was czated byo2 gramm of copper a s  fine 
pore coating layer  and hot pressed at 400 C under 8 tons. Among the 
various compositions of active materials, the Ti  N i  rich <mixtures were 
hydrogenated before hot pressing to prevent subs%quent formation of 
cracks under hydrogen adsorption. 

These electrode specimens were operated both a s  cathodes or anodes 
in an hydrogen atmosphere of 2 atm at room temperature. Fig. 11 shows 
the current polarization p e r f o r y c e  for both directions of processing 
and a slope'of 3.5 to 6 ohm . om , and this differential resistance com- 
pares  unfavourably with g2od Raney nickel DSK electrodes reaching 
values below 1.5 ohm. cm . To specify the reason for this insufficient 
performance w e  have first  measured the current density a s  function of 
temperature and plotted in an Arrhenius diagram delivering a linear 
correlation between logarithm of amperage and inverse operating tem- 
perature with a slope corresponding to 4 to 5.5 kcal/mole, rather inde- 
pendent on Ti Ni to TiNi ratio and equalling those of good Raney nickel. 
Therefore, the inner surface became suspicious to be insufficient. In 
fact, BET meaeurements have disclosed that the inner surface of TiNi 
r ich allope is less than 1 sq. m/gramm, this is only 1 percent of our 
Raney nickel. 

2 

6. dUTLQOK 

Although our investigations into the electrocatalytic properties of 
alloys of intermetallic Ti-Ni compounds have not yet yielded a techni- 
cal progress  we  a r e  finding i t  encouraging that intermetallic compounds 
are offering a new variety of potential electrocatalysts, in addition to 
the hitherto applied metall ic elements. Moreover the electron beam 
probe has  proved to be  a very useful tool in analyzing electrode struc- 
tu res  and in fact we have quite recently succeeded in increasing the 
inner surface of the tough compound TiNi and reached the cathodic 
and anodic performances shown in the l a s t  diagram (fig. 12) equalling 
the value8 of good Raney nickel, So one may hope to make a break- 
through in this way. 
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Fig. 1, Regreeea ta t lve  p o r t i o n  
of T 1 2 N I  c e l l ,  

Fig. 2. Titanium-nickel phase diagram 
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Fig, 3 ,  Photomicrograph of  TI-NI 
alloy w i t h  43 fitomlo pe r  c e n t  
n i c k e l ,  Etohed In a mixture o f  
2 om3 NF, 2 cu?HNOg and 
96 cm3 wa te r ,  
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Fig. 4 .  Potential vs. hydrogen electrode in the same electrolyte 
of f o u r  electrodes with various Ti-Ni a l l o y s  as function of electric 
charge Q (in amp. hours per  gram Ti-Ni alloy) during the first 
galvanostatic kathodic charging process with 5 mA. 

Fig. 5. Potential-charge plots of three electrodes during first 
anodic diecharge witn 5 m A  following the cath?dic charge of Fig. 4. 
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Fig. 7. Reversible hydrogen 

one g r a m  Ti-Ni alloy vs. its 
composition, 

storage capacity Qrev. of 

Pig. 8a. Fig. 8b. 

Photomicrographs of Ti-Ni alloy grains (43  atomic per cent nickel), 
showing TiNi surrounded by T12Ni 
a) before any electrochemical treatment 

b) after 180 charge discharge cycles, etching, cf. Fig. 3. 



155 

Fig. 9. Electron microprobe analysis of a Ti-Ni alloy grain 
(43 atomic per cent nickel), after 180 charge discharge cycles. 

Fig. 9a. Electron image Fig. gb. Distribution of Ni 

Fig. 9c. Distribution of Ti Fig. gd. Distribution of K 
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Fig. 1 0 .  First acceptance of hydrogen from the gasphase by an 
electrode with T i - N I  alloy. Electrode potential against hy- 
drogen electrode in the same electrolyte, accepted amount Q 
of hydrogen (expressed in Ah per gramm alloy) and influx Q of 
hydrogen in mA per gramm vs. time t in hours, 22'C. 
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Fig. 11. Polarization-current Pig. 12. Polarization-current den- 
density p l o t s  of three hydro- sity plots of a hydrogen electrode 
gen-electrodes with different with TiNi as catalyst at different 
Ti-Ni alloys as catalyst. temperatures.Hydrogen pressure: 

2 atmospheres. 
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REFORMED HYDROCARBON F U E L  C E L L  FEEDS 

D. K. F leming ,  S. S. Randhava, a n d  E. H. C a m a r a  

ANODE-CATALYST PROMOTED REACTIONS O F  
.- 

Inst i tute  of G a s  Technology 
Chicago, I l l inois 60616 

INTRODUCTION 

The purpose  of th i s  study w a s  to invest igate  the reac t ions  of anode feed 
m i x t u r e s  o v e r  candidate  anode ca ta lys t  combinations.  p r e v i o u s  work indicated 
that  s o m e  of the ca ta lys t s  suggested fo r  CO-tolerant  anodes w e r e  ac t ive  in  
promoting chemica l  reac t ions  of carbon monoxide with o ther  const i tuents  i n  the 
normal  anode fuels .  
could o c c u r  a t  the operat ing t e m p e r a t u r e  of the fuel ce l l  with ca t a lys t s  which had 
been formula ted  into fuel  ce l l  anodes with Teflon binder .  The re la t ive  extent of 
t hese  reac t ions  could i l l u s t r a t e  the mechanism of carbon monoxide to le rance  i n  
e lec t rodes  a n d  ind ica te  the formulat ions requi red  for  improved  anodes.  

A p r o g r a m  w a s  initiated to  de te rmine  i f  t hese  reac t ions  

The methanat ion of carbon monoxide with hydrogen w a s  one of the m a j o r  
reac t ions  expected. 

Methanation of CO: 

This reactio'n is  the r e v e r s e  of the reforming react ion and,  accord ing  to  f r e e  
e n e r g y  cons idera t ions ,  should proceed to the right a t  lower  t e m p e r a t u r e s .  

CO + 3Hz 2 CH, + HZO (1) 

CO Shift: CO + H 2 0  2 CO, + H, ( 2 )  

Another expected react ion is the CO shift.  Equi l ibr ium cons idera t ions  dictate  
tha t  the  s teady-s ta te  concentrat ion of CO is about 1700 ppm a t  150°C,  i f  the 
H,O/CH, r a t io  fed  to the  r e f o r m e r  is  2. 5. 
monoxide concentrat ion is  h igher  by a f ac to r  of 10. 
equivalent of this react ion i n  which the product  hydrogen is  d i rec t ly  oxidized. 
This  reac t ion  m a y  take p lace  i n  a n  operat ing fuel ce l l  because the hydrogen formed 
is adsorbed  on the  e lec t roca ta lys t s .  

With d ry  fuel, the equi l ibr ium carbon 
T h e r e  is a n  e lec t rochemica l  

Methanation of CO,: COZ + 4H2 2 CH, + ZHZO (3)  

Reacttion 3 ind ica tes  the d i r ec t  methanation of carbon dioxide a n d  is t h e  s u m  of 
Reaction 1 a n d  the r e v e r s e  of Reaction 2. However,  this react ion need not o c c u r  
s tepwise  with the formation of f r e e  carbon monoxide. 

Other  chemica l  reac t ions  a r e  a l so  possible;  however ,  t hese  reac t ions  have 
l i t t l e  likelihood of occur r ing  a t  the fuel ce l l  operat ing t e m p e r a t u r e  and the C - H - 0  
compo si t io n employed . . 

In th i s  paper  only the relat ive s t rength  of the anode ca t a lys t s  for  enhancing 
No  a t tempt  i s  m a d e  to r e l a t e  to the CO to le rance  of t hese  reac t ions  is presented .  

operat ing fuel ce l l  anodes,  except  i n  gene ra l  t e r m s  with known pas t  h i s to r i e s  of 
anode per formance .  

Cata lys t  Select ion 

All of  the anode ca ta lys t s  used i n  th i s  study w e r e  manufac tured  by American 
Cyanamid Co. accord ing  to  i t s  s tandard  techniaiies, hut with the  nohle rr~ctal  
const i tuents  specifie; below. 
5 m g / s q  c m ;  the oxide admixture  propor t ions  follower1 thc supp l i c r ' s  stantlarfl 
specif icat ions.  I n  mixed ca ta lys t s  the weight propor t ions  wcrc  cvcnly r1ivirlc:rl 

The noble metal  loading i n  al l  e l ec t r r~ r l c s  was 
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between the const i tuents .  
ra ther .  the composi t ions requested f rom the suppl ier  a r e  d i scussed  below. 

The ca ta lys t s  were  not analyzed f o r  p r e c i s e  composition; 

The anode c a t a l y s t s  tes ted were  - 

e Plat inum: Th i s  is the s tandard fuel ce l l  catalyst  and was used a s  a 
bas i s  of compar i son  for  the o the r  m a t e r i a l s .  

0 Ruthenium: Th i s  m a t e r i a l  is known to be act ive for  the methanation 
react ion (Equation 1) when deposited on alumina. 
of compar i son  f o r  plat inum-ruthenium mix tu res  ( 1 , 2 , 4 ,  7). 

0 Rhodium: P u r e  r h o d i u m j s  known to be sl ightly act ive in promoting the 
methanation react ion(2,4)  and  provides  a bas i s  for  compar ison  with 
platinum- rhodium mix tu res .  

It provides  the bas i s  

0 Platinum-Rhodium: This is  the s tandard Type-RA ca ta lys t  manufactured 
by A m r i c a n  Cyanamid and mentioned i n  i t s  basic  patent by Zier ing,  
L. K. (d). Studies  of t h i s  e l ec t rode  were  a l so  conducted by McKee 
- e t  a1.(5). 

0 Pla t inum-Rhodium + W 0 3 :  This is Cvanamid ' s  Type-RA anode; i t  is dis- 
cussed i n  the Z ie r ing ,  L. K. ,patent(d)and by R .  G. Haldernan(3),  a l s o  
of Amer ican  Cyanamid Co. 

Rhodium + WOs Although not a s tandard anode catalyst ,  excellent 
carbon monoxide  to l e rance  was claimed for  this combination i n  the 
Ziering. L. K., patent(8)of  Amer ican  Cyanamid Co. 

e Platinum-Ruthenium: This i s  the basic  mix tu re  used by General  
Elec t r ic  Company: Seve ra l  pape r s  have been publishcd on i t s  carbon 
monoxide to l e rance  (4, 7). 

8 Pla t inum-Ruthenium + WO,: This combinahon was selected because of 
the high act ivi ty  of the platinum-ruthenium and the beneficial effects of 
the addition of WO, i n  o the r  catalysts .  

0 Ruthenium + W 0 3 :  This catalyst  combines the bes t  f ea tu re s  of the 
ruthenium and the  W O ,  admix,  without the dilution effect of the platinum. 

e Pla t inum + WO,: This was a basic  r e f e r e n c e  ca ta lys t  to de t e rmine  the  
effects  of the oxide const i tuents  with a re la t ively i n e r t  base.  
t rode  combination exhibits carbon monoxide tolerance according to 
Niedrach and Weinstock (6). 

This e l e c -  

0 Platinum-Rhodium + M o 0 ~  Molybdic oxide was a consti tuent i n  the 
or iginal  p r e c u r s o r  of the Type-RA e lec t rode  and was studied i n  this 
p rogram ' to  d e t e r m i n e  the ef iects  of the MooL admix. 

Q Pla t inum-Ruthenium + M o o L :  This combination was chosen  to de t e r -  
mine  the effects  of the molybdic oxide admixture  upon the relatively 
act ive p l a t i n u m -  ru thenium noble me ta l  base.  

Pa l l ad ium was  not tes ted  because  i t  is  relat ively i n e r t  and iridium-containing 
e l e c t r o d e s  could not be supplied.  Variation of the noble me ta l  proport ions was 
not a t tempted i n  this  study; varying concentrat ions of the oxide admix tu re  were  
not  available.  

Table  1 l i s t s  the  c a t a l y s t  combinations used and the logical divisions 
according to s y s t e m s  and admix tu res .  
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Table 1. CATEGORIZATION OF CATALYSTS TESTED 

\ 

I 

Admixed Cata lys t s  
Metals Mixed Metals __ W O  < MOO, 

Rhodium Sys tem P t  P t  + wo,  
P t - R h  Pt -Rh + W O ,  P t -Rh  + MOO, 

Rh Rh f W O ,  

Ruthenium System P t  P t  t w o ,  
P t -Ru  P t -Ru  + W O ,  P t -Ru  + MOO, 

R u  Ru + W O ,  

Exper imenta l  Equipment a n d  Techniques 

The r e a c t o r s  f o r  this  work were  s tandard  fuel ce l l  h a r d w a r e ,  indicated 
schemat ica l ly  i n  an exploded view i n  F igu re  1. 
plates  were  tested a n d  found i n e r t  f o r  t hese  react ions.  The flow configurations 
i n  the 2 x 2 inch t e s t  ce l l s  were  checked fo r  uniformity by smoke  t e s t s .  These 
e l ec t rodes  were  placed aga ins t  a Teflon backup shee t  and the avai lable  a r e a  of 
the e l ec t rode  w a s  de te rmined  by the opening i n  the f r a m e  gaske t ,  ident ical  to a 
s tandard  fuel cell  compar tmen t  gasket .  Tantalum, expanded-metal  s c r e e n s  
were  used to fix the location of the electrode.  

Stainless  s t ee l  and tantalum cnd- 

The flow pa t t e rn  of this  react ion,  with the reac tan t  gas  pass ing  through 
a thin,  wide chamber  with one catalyzed wall ,  is not ideal .  However,  this  i s  the 
configuration used i n  m o s t  fuel c e l l s ,  and the equipment was s e t  up to r e l a t e  to 
operating fuel cel ls .  

The t e s t s  were  opera ted  with d r y  e l ec t rodes ;  that  i s ,  an ac id-soaked  
m a t r i x  was not p r e s e n t  behind the e lec t rode .  The acid was omi t ted  to avoid the 
effects of var iab le  e l ec t rode  drowning, g a s  dissolution r a t e s ,  equ i l ib r ium shifts 
due to wa te r  a t  the e l ec t rodes ,  va r i ab le  acid concentration with drying out of the 
ce l l ,  and o the r  effects  that  would a l t e r  the r a t e  
reactions.  The r e su l t s  p re sen ted ,  however ,  a r e  useful i n  re la t ing the relat ive 
activity of the catalysts  - a fac to r  which is not g ross ly  affected by the p r e s e n c e  
of an  electrolyte .  However,  in  a n  opera t ing  fuel cel l ,  the e l ec t rode  ope ra t e s  
at fixed potentials with r e s p e c t  t o  the electrolyte:  
equi l ibr ium due to the effect  upon the f r e e  ene rgy  change. 

a n d / o r  the reproducib i l i ty  of the 

This potential  m a y  s h i f t  the 

The exper imenta l  appa ra tus  is indicated schemat ica l ly  i n  F i g u r e  2. I n  
the flow s y s t e m  e i the r  s tandard  fuel gas  o r  a z e r o  gas  (for cal ibrat ing the in s t ru -  
ment) is  admitted t o  the s y s t e m  through a p r e s s u r e  regula tor  and block valve. 
The g a s  p a s s e s  through a flow-indicating ro tomete r  and a flow regu la to r  which 
control  a constant,  downst ream flow r a t e ,  r e g a r d l e s s  of the u p s t r e a m  p r e s s u r e .  
The gas  then flows e i the r  to the t e s t  ce l l  o r  to a bypass .  
the gas  goes e i the r  to a bubble f lowmeter  o r  t o  the gas  analysis  t ra in .  
bubble f lowmeter  is used to adjust  the flow con t ro l l e r  fo r  each  run. 
analyzing equipment is  ca l ib ra t ed  with a z e r o  and a s tandard  gas  a t  the beginning 
of each  run. I n  a given t e s t ,  when the ce l l  t e m p e r a t u r e  s tahi l ized,  a s  controlled 
by a propor t iona l  tempera ture- indica t ing  con t ro l l e r  and verified by a s t r i p - c h a r t  
t e m p e r a t u r e  r e c o r d e r ,  t he  bypass valve is c losed  a n d  the gas fed to the cell  f o r  
s e v e r a l  minutes  to e s t ab l i sh  s t eady- s t a t e  conditions.  The carbon monoxide a n d  
methane  contents i n  the effluent gas a r e  then recorded  a s  a function of t empera -  
ture .  

Leaving the s y s t e m ,  
The 

The gas 

The gas compositions a r e  de te rmined  bv  sensi t ive in f r a red  ana lyze r s  
ca l ibra ted  f o r  the detection of carbon monoxide a n d  methane. 
the ana lys i s  t r a in  is a L i r a  Model LOO. manufac tured  by M i n e  Safcty Appliances,  

The, f i r s t  unit i n  
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Pi t t sburgh ,  Fa. I: has t h r e e  ca rbon  monoxi1 ! r a n e e s  wit v 

af ! O O ,  500. and 5009 p p m  CO. Although the  lower  r ange  is 
' scale  sens i t iv i t ies  

i r e c t  reading, non- 
l i nea r i ty  ex i s t s  in t h e  uppe r  two r a n g e s  S O  tha t  ca l ibra t ion  c u r v e s  a r e  requi red .  
When used with these  c u r v e s ,  the  L i r a  IR ana lyze r  continuously mon i to r s  the 
ca rbon  monoxide concentrat ion i n  the flowing g a s  stream with an  e s t ima ted  
a c c u r a c y  of Z $ o f  fu l l  s ca l e .  T h e  ana lyze r  u sed  fo r  methane determinat ion is a 
Lira Model 300, which h a s  g r e a t e r  e lec t ronic  d r i f t  so the absolute values of the  
me thane  concent ra t ions  a re  n o t  as  accura te :  
p p m  methane.  

This  unit h a s  a single range of 0-6000 

The g a s  flow rate used  in  m o s t  of t h i s  work  was  300 cu c m / m i n .  This  r a t c  
was chosen because it i s  n e a r  t he  lower r ange  of the  gas  analyzing equipment. 
Lower flows are time-consuming, and this s t anda rd  flow r a t e  ind ica tes  the re la t ive  
p e r f o r m a n c e s  of t he  ca ta lys t s .  
app rox ima te ly  equivalent to 30 t i m e s  the s to ich iometr ic  equivalent for  1- a m p e r e  
c u r r e n t  d ra in  f r o m  this s ize  cell, or 10  times the s to ich iometr ic  flow rate for 
100 A / s q  ft c u r r e n t  density.  The  a v e r a g e  r e s idence  time in  the cell is approxi- 
m a t e l y  3 / 4  second. 

For  compara t ive  p u r p o s e s ,  this flow r a t e  is 

The primary feed g a s  w a s  a s imulated r e f o r m e r  product:  

Hydrogen 79.79 
C a r b o n  Dioxide 20% 
C a r b o n  Monoxide 0 .3% 

G a s  of this compo$ition m a y  be expected a f t e r  r e fo rming  and shifting reac t ions  
with a high H20 /CH4 ra t io  in  the feed  to the r e f o r m e r .  This gas  composition w a s  
c h o s e n  because i t  is a poss ib l e  fue l  cell feed  and is n e a r  the mid - range  of the g a s  
analyzing equipment  i n  concent ra t ion .  

In some te s t s ,  a r e f e r e n c e  g a s  containing 80% hydrogen and 20% ca rbon  
dioxide was  used. 
feed. 
with 57°C dew point humidification to check the ef fec t  of m o i s t u r e  o n  the  
reaction. 

This g a s  d e t e r m i n e s  the e f fec t  of a ca rbon  monoxide-free 
Most  of the tests w e r e  r u n  with d r y  feed ,  although s o m e  w e r e  operated 

PRESENTATION OF RESULTS 

In terpre ta t ion  of the Data 

The relative capab i l i t i e s  of t hese  catalysts i n  promoting the  reac t inns  are 

Any i n c r e a s e  i n  the  CH, concent ra t ion  is indica t ive  of React ions 1 or 3. 
de t e rmined  by the change  i n  the CO and CH, concent ra t ions  i n  the effluent gas  
stream. 
Lf a n  i n c r e a s e  i n  CH, concen t r a t ion  is accompanied b y  a corresponding d e c r e a s e  
i n  the CO level, then  Reac t ion  1 t a k e s  place.  

A d e c r e a s e  i n  the C O  concent ra t ion  could m e a n  e i t h e r  Reaction 1 or  2 
o c c u r s .  
React ion 1. 
cates the reverse of React ion 2. 

As d i scussed  above,  a corresponding i n c r e a s e  i n  the CH, leve l  ind ica tes  
Any i n c r e a s e  in  CO content,  without a change i n  the CH, level, indi-  

The effluent f r o m  some rhodium-containing ca t a lys t s  f i r s t  shows a d e -  
crease in  the CO content ,  with a corresponding i n c r e a s e  in  CH,. 
t e m p e r a t u r e s ,  both the CO and CH, levels i n c r e a s e :  
methanat ion of ca rbon  monoxide at l o w e r  t e m p e r a t u r e s .  followed b y  the r e v e r s e  
C O  sh i f t  and  continued me thana t ion  at h igher  t e m p e r a t u r e s .  
methanat ion capabi l i t i es  of the ca ta lys t  are  weak, so the net GO content i n c r e a s e s .  

A t  h igher  
This is in t e rp re t ed  as simple 

However, the 



161 Meta l s  - Rhodium Sys tem 

F i g u r e s  3 and 4 p r e s e n t  the ca rbon  monoxide and n,etliatie conc rn t r a t ions  
in  the effluent f r o m  fuel-cell-type r e a c t o r s  containing "metal-only," ca ta lys t s .  In 
the  rhodium s y s t e m ,  the  e lec t rode  containing only platinum exhibited a sl ight r e -  
duction i n  the  CO concent ra t ion  (F igu re  3 )  a t  h igher  t e m p e r a t u r e s ;  the  plat inum- 
rhodium e lec t rode  was s i m i l a r l y  iner t .  
ca rbon  monoxide genera t ion  of about 50-100 ppm above 225°C. I n  F i g u r e  4, the  
plat inum exhibited a methane genera t ion  which was not significant. 
plat inum-rhodium u a s  ine r t .  The p u r e  rhodium e lec t rode ,  however ,  showed 
a definite methane generat ing capability. 

A pure  rhodium e lec t rode  showed a 

Again, the 

In s u m m a r y ,  the plat inum and plat inum-rhodium e lec t rodes  a r e  essent ia l ly  
i n e r t  in  the t e m p e r a t u r e  r ange  s t u d i e d .  
c a t a lys t ,  probably fo rming  CH, f r o m  CO: 
the r e v e r s e  CO-shift  reaction. 

The p u r e  rhodium is a weak methanat ion 
I t  i s  a l s o  sl ightly ac t ive  in  promoting 

Metals  - Ruthenium Sys tem 

' The p e r f o r m a n c e  of the ruthenium s y s t e m  metals is p resen ted  in F i g u r e s  

The ca rbon  
3 and 4. As indicated above, the  plat inum re fe rence  e l ec t rode  i s  a l m o s t  i ne r t ;  
however ,  the pu re  ruthenium one i s  a definite methanation ca ta lys t .  
monoxide concent ra t ion  i n  the  effluent f r o m  this e l ec t rode  d e c r e a s e d  rap id ly  a t  
t e m p e r a t u r e s  between 150" and 1 7 5 ° C .  S imi l a r ly ,  the me thane  concentration 
i n  the effluent r o s e  as  the CO concentration d e c r e a s e d ,  indicating tha t  the ca rbon  
monoxide was being methanated. 
concent ra t ion  continued to  i n c r e a s e ;  the g raphs  do not p r e s e n t  enough evidence to 
ind ica te  if ca rbon  dioxide was being methanated d i rec t ly ,  o r  i f  c a r b o n  monoside 
was being fo rmed  f r o m  ca rbon  dioxide and hydrogen by a r e v e r s e  C O  shif t ,  while 
the  high methanation capabi l i t i es  of the e l ec t rode  maintained a low CO concen t r a -  
tion. 
i n c r e a s e  sl ightly.  

At t e m p e r a t u r e s  g r e a t e r  than  175"C, the methane 

At h ighe r  t e m p e r a t u r e s ,  the C O  concent ra t ion  i n  the effluent tended to  
This  is i n  acco rdance  with the  equi l ibr ium cons idera t ion .  

The plat inum-ruthenium mixed e l ec t rode  a l so  exhibited methanat ion capa-  
bil i t ies (F igu res  3 and 4) but the effect  took p lace  a t  a h ighe r  t e m p e r a t u r e .  This  
ind ica tes  tha t  the ca ta ly t ic  s t r eng th  of the  plat inum-ruthenium e lec t rode  is not as 
g r e a t ,  probably because  of the  dilution effect  of the plat inum upon the ruthenium. 

' 

I n  s u m m a r y ,  i n  thr ruthenium s y s t e m ,  the  plat inum e lec t rodp  is ine r t ,  
but the  ruthenium e lec t rode  i s  ac t ive  in  promoting the  se l ec t ive  methanat ion of the 
ca rbon  monoxide. When the CO had been consumed,  additional methane was s t i l l  
gene ra t ed ,  indicating e i t h e r  a d i r ec t  methanation of ca rbon  dioxide,  o r  activity fo r  
the  r e v e r s e  CO-shift  reac t ion  followed by  enough activity fo r  the  CO-methanat ion 
r eac t ion  tha t  the  ca rbon  monoxide concent ra t ion  was maintained at  a low level.  
The plat inum- ruthenium e lec t rode  behaves s i m i l a r l y  to the ruthenium e lec t rode ,  
although a t  h igher  t e m p e r a t u r e s .  

Effect of Additives - Ruthenium System 

F i g u r e s  5 and 6 p r e s e n t  the C O  and CH, concent ra t ions  f r o m  t h r e e  
plat inum-ruthenium e lec t rodes .  One of t hese  e l ec t rodes  contained n o  admix tu res ,  
ano the r  contained tungs t ic  ox ide ,  and the th i rd  contained molybdic  oxide. These  
g r a p h s  ind ica te  tha t  the  tungstic oxide admix  significantly i m p r o v e s  the  mc thana -  
tion capabi l i t i es  of th i s  e l ec t rode ,  dropping the t e m p e r a t u r e  of reac t ion  to about 
150°C. The molybdic oxide admix,  however,  had no significant effect  up0.n the 
e l ec t rode ' s  methanat ion capabi l i t i es ;  i t  m a y  even have d e c r e a s e d  th i s  activity a t  
the  h ighe r  t e m p e r a t u r e ,  as  indicated i n  F i g u r e  6. However ,  t h e  MOO, admix  did 
cause a n  i n c r e a s e  in  the C O  concent ra t ions  a t  elevated t e m p e r a t u r e s  (Fij iure 5), 
indicating tha t  this  e l ec t rode  is ac t ive  i n  promoting the  r e v e r s e  GO-shift  reac t ion  
when used in  conjunction with platinum- ruthenium. 
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F i g u r e s  7 and 8 show t h e  CO and CH, concent ra t ions  in  a series of 
ruthenium-containing e l e c t r o d e s ,  both with and without tungstic oxide admix. 
These  g r a p h s  ind ica te  that the  P t -Ru  + W 0 3  is even more ac t ive  f o r  the methana-  
t ion  r eac t ion  than the  p u r e  ruthenium e lec t rode ;  the Ru + WO, is more ac t ive  yet.  
In c o n t r a s t ,  the Pt + WO, anode exhibits the same d e g r e e  of inactivity as the p u r e  
plat inum e lec t rode .  

Summar iz ing ,  t ungs t i c  oxide exhibits a definite syne rg i s t i c  effect  i n  
promoting the methanat ion reac t ion  when used in  conjunction with ruthenium- 
containing e lec t rodes .  
upon the  methanat ion r eac t ion ,  bu t  p r o m o t e s  the r e v e r s e  GO-shift reaction. 

Molybdic oxide admix  m a y  have a slight dep res s ing  effect  

Effect of Admixes - Rhodium S y s t e m s  

The  C O  and CH, concentrat ions f r o m  three plat inum-rhodium e lec t rodes  
a r e  given i n  F i g u r e s  9 and 10. 
conta ins  tungstic oxide,  and the th i rd  contains molybdic oxide admix. 
g r a p h s  ind ica te  tha t  the tungs t ic  ox ide  admix  p r o m o t e s  the genera t ion  of methane. 
At t e m p e r a t u r e s  less than  175°C. the methane apparent ly  is  f o r m e d  f r o m  ca rbon  
monoxide,  because  the  d e c r e a s e  i n  the CO concentration is  equal  to the i n c r e a s e  
i n  the CH, concentration. At e leva ted  t e m p e r a t u r e s ,  the CH, concent ra t ion  con- 
t inues  to inc rease :  
vity for the r e v e r s e  CO-shift  reac t ion .  

One of the  e l ec t rodes  contains no  admix,  another  
These 

The C O  concentrat ion also i nc reased ,  indicating ca ta ly t ic  acti- 

T h e  molybdic ox ide  a d m i x ,  however ,  p romotes  v e r y  little d e c r e a s e  i n  the 

In F i g u r e  10, the amoun t  of me thane  gen- 
This m a y  be  due to 

CO concent ra t ion  at l o w e r  t e m p e r a t u r e s ,  but apparent ly  promotes the r e v e r s e  CO- 
sh i f t  r eac t ion  at h ighe r  t e m p e r a t u r e s .  
e r a t e d  with the molybdic ox ide  a d m i x  is re la t ive ly  high. 
d i r e c t  methanat ion of c a r b o n  dioxide. 
e l ec t rode  without a d m i x  is r e l a t ive ly  inert. 

As  indicated e a r l i e r ,  the  platinum- rhodium 

F i g u r e s  11 and 12 p r e s e n t  the C O  and CH, concent ra t ions  f o r  the fami ly  of 
rhodium-containing electrodes both wi th  and without W 0 3  admix. As  indicated 
e a r l i e r ,  platinum, plat inum- rhodi-um, and plat inum + WO, are relatively iner t ;  
the  p u r e  rhodium e l e c t r o d e  has s l igh t  activity f o r  the methanat ion and r e v e r s e  CO- 
sh i f t  reac t ion .  However ,  with the addition of tungstic ox ide ,  the activity of the 
plat inum-rhodium e lec t rode  f o r  the  methanat ion and GO-shift  reac t ions  i n c r e a s e s  
significantly.  
obse rved :  
CO-shift  reac t ions  as the P t - R h  + W O ,  catalyst .  
to a n  i r r e g u l a r  ca t a lys t  s ample .  

These graphs  a l s o  illustrate the  one i r r e g u l a r i t y  which has been 
T h e p u r e  Rh + WO, e l ec t rode  is not as active f o r  the methanat ion or 

This effect  m a y  b e  real or due 

Su rnmarizing, tungs t ic  oxide admix  exhibits a definite syne rg i s t i c  effect in  
promoting the methanat ion and  r e v e r s e  CO-shift  reac t ions  when used i n  conjunc- 
t ion with rhodium-containing ca t a lys t s .  
ox ide  is r e l a t ive ly  ine r t .  
r e v e r s e  CO-shif t  reac t ion ,  although it m a y  have a n  effect on the  d i r ec t  methana-  
t ion  of c a r b o n  dioxide with plat inum-rhodium based  catalyst. 

However,  p u r e  plat inum plus tungstic 
Molybdic oxide  admix  apparent ly  p r o m o t e s  only  the 

Effect of C O - F r e e  F e e d  

F i g u r e s  13 and 14 p r e s e n t  the ca rbon  monoxide and methane concent ra t ions  

Apparently,  the m e t h a n e g e n e r a t i n g  
in  the effluent f r o m  a P t - R u  + WO, e lec t rode  with both the  s t anda rd  feed g a s  con- 
taining 3000 ppm C O  and with a CO-f ree  feed. 
capabi l i ty  of th i s  c a t a l y s t  is  g r e a t e r  with a GO-free feed: No ca rbon  monoxide is 
gene ra t ed  with th i s  ca ta lys t .  At t e m p e r a t u r e s  in  the range  of 125"-150"C. signi-  
f ican t  CH, is generated without appa ren t  CO i n  the effluent. This is the range 
(with the 3000 p p m  CO feed) where the C O  concent ra t ion  d e c r e a s e s  and the CH, 
concentrat ion i n c r e a s e s  i n  an  a p p a r e n t  s teady-s ta te  condition. 
c a t e  tha t  methane m a y  b e  gene ra t ed  f r o m  ca rbon  dioxide without a n  independent 

The new da ta  indi-  
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GO in te rmedia te .  
indicated t e m p e r a t u r e  range during the se lec t ive  methanation of the carbon 
monoxide. However,  with the CO absent  f r o m  the feed,  the carbon dioxide can 
methanate  d i rec t ly  and apparent ly  reac ts  a t  a lower t e m p e r a t u r e  when CO i s  
absent  f r o m  the feed. 

E a r l i e r  data indicated that  free CO would be p re sen t  i n  the 

F igu res  15 and 16 p resen t  carbon monoxide and methane concentrat ions 
f o r  a plat inum- rhodium + tungst ic  oxide e lec t rode  combination, both with and 
without carbon monoxide in  the feed. 
ca ta lys t  fo r  the CO-shift  react ion is  constant ;  F igu re  16 ind ica tes  the var ia t ion 
i n  the methane-producing capabi l i t ies  of the e lec t rode  with the feedstock. 
m o r e  methane is generated f r o m  a GO-free feed. S imi l a r  to the ruthenium- 
containing e lec t rode ,  methane is  generated in  a t e m p e r a t u r e  range where the 
CO/CH, ra t io  is much  lower than was required f o r  the 3000-ppm CO feed.  
fo re ,  it appeaJs that the COz i s  methanating a t  lower t e m p e r a t u r e s ,  but, a s  the 
t e m p e r a t u r e  inc reases ,  CO a l so  methanates  as the two l ines  of F igu re  16 m e r g e .  

With the feed containing 20% hydrogen and 20% carbon dioxide, the d i rec t  

The methane  genera ted  a t  any t e m p e r a t u r e  i s  g r e a t e r  than exper i -  

F igu re  15 ind ica tes  that  the activity of this 

Again, 

There-  

methanation of carbon dioxide is indicated fo r  both P t - R u  + WO, and P t - R h  + WO, 
e lec t rodes .  
enced with CO-containing fue ls  when se lec t ive  methanat ion of the carbon monoxide 
i s  experienced before  methanation of the carbon dioxide. 
containing e lec t rode ,  activity for  the r e v e r s e  CO-shift  reac t ion  was sti l l  evident 
a s  carbon monoxide was formed a t  higher  t empera tu res .  
methane-generat ing capabi l i t ies  f r o m  the two feed s t r e a m s  became s imi l a r  a t  
e levated t e m p e r a t u r e s  with h igher  CO concentrat ions,  indicating methanation of 
the carbon monoxide generated.  

Effect of Moisture  

With the rhodium- 

In this case, the 

Seve ra l  t e s t s  w e r e  made  with the fuel gas humidified to  57°C;  the dew point 
The water  i f  the  HzO/CH, ra t io  fed to the or ig ina l  hydrocarbon r e f o r m e r  w a s  2. 5. 

concentrat ion i n  the feed caused the effects  expected f r o m  equi l ibr ium cons idera-  
tions. 
CO generated by the r e v e r s e  GO-shift  Reaction 2. Extensive t e s t s  with m o i s t u r e  
i n  the feed w e r e  not run  because  they d i d  not a i d  i n  the genera l  purpose  of the 
p r o g r a m  - determining the relat ive catalyt ic  ac t iv i t ies  of candidate  anodes i n  the 
re formed fuel  mix tures .  

It reduces  the methane generated over  the ca ta lys t s  i n  Reaction 1 and the 

Effect of G a s  Flow Ra tes  

E a r l i e r  work had shown that  the methanat ion react ion was sensi t ive to 
contact  time. F igure  17 p resen t s  the methanation capabi l i ty  of a p u r e  ruthenium 
ca ta lys t  e lec t rode  a s  a function of flow ra te .  
major i ty  of the carbon monoxide is methanated d e c r e a s e s  f r o m  160" to 130°C as 
the flow r a t e  is  d e c r e a s e d  f r o m  500 to 100 cu  c m / m i n .  T h e s e  data, indicate that, 
a t  flow r a t e s  normal ly  employed at the fuel ce l l  anode, the t e m p e r a t u r e  01 the 
react ion d e c r e a s e s  so that significant methanat ion m a y  occur .  This  is pa r t i -  
cu la r ly  t r u e  in  the c a s e  of the CO-containing fuel i n  the po res  of the  electrode 
a s  longer  res idency t ime  would be expected in th i s  ca se .  

The t e m p e r a t u r e  a t  which the 

F igu re  18 p resen t s  a s i m i l a r  s e t  of cu rves  for  the var ia t ion  i n  the CO 

I n  th i s  c a s e ,  the methanation capabi l i ty  of the e lec t rode  is improved 
consumed,  with the flow r a t e  for  a plat inum-rhodium plus tungst ic  oxide e lec-  
t rode .  
with lower flow r a t e s ,  enough to  par t ia l ly  offset  the CO-increas ing  tendency of 
the CO-shif t  reac t ion  a t  h igher  t empera tu res .  Again, s ignif icant  chemica l  r e a c -  
tions could o c c u r  a t  the fuel  ce l l  operat ing t empera tu re ;  
on th i s  graph  is  s t i l l  s to ich iometr ica l ly  equivalent  to o v e r  300 A / s q  ft. 

the lowes t  flow ra t e  
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Noble metal catalysts formulated into fuel cell anodes maintained their 
activity for  the methanation reaction. 
t rodes exhibited significant methanating capabilities; pure ,rhodium electrodes 
showed some methanation activity. Therefore, the Teflon waterproofing is not  a 
significant deterrent to the reaction, nor is the alumina support u s e d  i n  granular 
methanation catalysts necessary for the reaction. 

Particularly, ruthenium-containing elec- 

Ruthenium-containing electrodes are active for the production of methane. 
If carbon monoxide is present  in the fuel, i t  is selectively converted to methane 
before the carbon dioxide reacts.  
directly f rom CO, i n  greater  quantities than i f  C O  was present. The ruthenium- 
containing electrodes appear to be inactive for the generation of CO from COz, 
although this effect could be masked by the CH~generat ing capability of the 
mate rial. 

If the feed is CO-free, CH, is generated 

Rhodium-containing electrodes a r e  much lese active for the generation of 
CHI from CO and COI ,  but the reactions still take place. Pure rhodium elec- 
trodem lppeutobe relatively inactive for  the generation of CO from C02. 

All the reaction8 terfed were renritive to flow rate,  indicating thbt reac- 
b n  time ir an important parameter  in the equipment configuration ured. 

The addition of molybdic oxide appearr to enhance the production of GO 
from GOa with both rhodium- and ruthenium-containing electroder. It har rlight 
rffrct u 'on the CHI ganerrting caprbilitier,sxcept,perhrpr, cauring rome produc- 
tion of 8% from CO, with PI-Rh r l rc t roder .  

Tho rddition of WO, to thr r l rc t rode ha8 a definite rynerpirtic effect for 
evrry cr talyr t  ComMnrtion ter t rd ,  excrpt pure platinum. With the ruthenium- 
containing dec t rodar  , tho methanation capabilitirr were riunificantly improved. 
The 'methanation caprbilitier were r h o  improved with the rhodiumeontaining 
electroder;  i n  addition, thir  conrtituant improved the generation of CO from COa 
with the rhodium catr lyr t  family. ~ 
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Figure 3. CARBON MONOXIDE IN EFFLUENT 
FROM METAL CATALYSTS 
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Figure 5. EFFECT O F  ADMIX ON CARBON MONOXIDE IN 
EFFLUENT FROM Pt-Ru CATALYSTS 
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Figure 6. EFFECT OF ADMIX O N  METHANE IN E F F L U E N T  

FROM P t - R u  CATALYSTS 
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Figure  9 .  E F F E C T  OF ADMIX O N  CARBON MONOXIDE I N  
E F F L U E N T  FROM Pt-Rh CATALYSTS 
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F i g u r e  16. METHANE I N  E F F L U E N T  FROM 
P t - R h  + W O ,  CATALYST WITH 3000-ppm CO AND 
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7 

174 

TEMPERAT3JfiE , 'C ...... 

Figure 17. CARBON MONOXIDE I N  E F F L U E N T  FROM Ru 
CATALYST AS A FUNCTION OF FLOW RATE 

I 

. TEMPERA' IRE ..... 
Figure 18. CARBON MOIiOXIDE IN EFFLUENT FROM 

Pt-Rh + WO, ELECTRODE AS A FUNCTION 
O F  FLOW R A T E  

J 
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ON THE DEPENDENCE OF THE CATALYTIC ACTIVITY OF PLATINUM ON SIZE 
AND ORIENTATION OF THE CRYSTAUTES 

I. I. Pyshnograeve ,  0. A .  Khasova, and L. S. Kanevsky 

Academy of Sciences of U.S.S.R. 
Moscow V-71 

V. s. Bagotzky, Yu. B. V a s s i l i e v ,  A.  M. Skundln, V. Sh. P a l a n k e r ,  

AESTRACT 

Tho influonce of s t ruc tura l  factore upon the ac t iv i ty  of p la t i -  
num c a w a t .  far W f e r e n t  reac t ions  was investigated. Processes of 
o l o e t r o ~ i c  bydragen and oxygen orolution, anion and methanol a#sorp- 
tion and mothanol oxidation were U 8 O d  as model reactions. 

of plat inisad platinma, referred t o  un i t  t rue surface, is appreciably 
lmr, than that of amooth platinum. Wes t iga t ions  on monocrystalline 
platinum have 8hom that on di f fe ren t  c rys t a l  fecos t h e  isotherms for 
h y & O g O n  adsorption are shllar. Neitber is there a difference a6 re- 
eulds thm oxygen adsorption isotherm and the kinetics of owgen and 
bramino adsorption. Hmvsr, there is a appreciable change i n  the 
r a k a  of methanol adsorption (imolrlng dehydrogenation of the metha- 
nol m o l o d o )  and of tb6 oxidation of organic reeiCiues on the surface. 
On t h e  (111) face w i t h  the grea tes t  density o f  surface at- the r a t e  
coMtanU(referred t o  o m  surface atom) exceed the relevant constants 
on other faces 3-6 times. An analogeus e f fec t  can be observed f o r  by- 
drogen ard oxygen evolution. The r a l u a o f  the act ivat ion energy re- 
main nneb*nrpd, the don8ity of the surface atoms affect ing mainly the 
prooxpo~snt ia l  factor.  Annoding of polycrystall ine platinum or pre- 
llminary mecanical deformation do not a f fec t  the adsorption and ca- 
W i c  properties o f  the surface. 

On a smooth carbon surface (glassy carbon covered w i t h  nonporous 
pyrolytic carbon) l o w  quant i t ies  of platinum microcrystal l i tes  were 
deposited electrolyt ical ly .  The surface concentration was low enough 
t o  prevent overlapping. The hydroge~~ evolution ra te  depends on the 
c rys t a l  s ize  and on the mean distance between c r y s t a l l i t e s  on the 
8urface. For small c r y s t a l l l t e s  (Le.  f o r  high speclf ic  surface 
areas) and for m a l l  mounts of c rys t a l l i t e s  on the surface the re- 
act ion rate rxceod8 5-7 times the rate on smooth platimnu. 

It waa sham that f o r  methanol oxidation the ca ta ly t ic  ac t iv i ty  
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DISTRIBUI'ION OF CUFWDJT CONVERSION IN POROUS 
GAS ELECTRODES 

Karl Joachlm Euler 

VARTA 
F'rankfurt/Main, Germany 

pape r s  was p z i d  t o  t h e  investi~;e-';i .cri ol" tl?;t; ci1.rrcYi.i; con- 

v e r s i o n  i n  t h s  n z z r i s t  nei.,;hbcL:C1;ood cf th:rl.ph:inc Z X L ~ S ,  

- i . e .  n e a r s s t  t o  t h e  l i q u i d  - gp.5; ii!knj.scus i n  ;? si1;zle :?or? 
2 

of t h e  working e l e c t r o d e ,  B C C  b s l o w  $ 5 .  H o x w e i ' ,  

i s  only one of  sevcrn l .  i inportant l";.ictors, r 2 n p o i ~ ; i  !;le f o r  

t h e  d i s  t r i b v . t i o n  of c l i r ren t  convc r s ion  i n s i d e  e l e c t r o d e s  

of f i n i t e  t!iicki.iess. I n  t h e  fo l lowing  .sager, p l a f n e  p o r o u s  

gas e l e c t r o d e s  c o n s i s t i n g  of a t  l e a s t  tv:e l aye r s ,  hzving 

d i f f e r e n t  p o r e  d izmeter r ; ,  a r e  exa?iineZ. To t h i s  kinu o f  

e l e c t r o d e s ,  t he  gas i s  f e d  through one s u r f z c e ,  2nd t h e  

l i q u i d  e l e c t r o l y t e  ndhereo t h e  o t h e r  e l e c t r o d e  surface. 

Thickr.ess i s  sv.,poscd t o  be f i r i i t o  b u t  srnall w i t h  regard  

t o  t h e  l a t e r a l  d i z e x i c j n s ,  2nd t l i e  u s e  o f  e l e c t r o l y t e  

r e p e l l e n t  agents  iioy be @ai~er t i l . ly  excluded . * )  

2 General  Theory 

I n  m o s t  c a s e s ,  t h e  c o c ? l i c u t e d  t i : ior j r  of t r i - p h a s e  

e l e c t r o e e s  can  be reduced t o  t h e  b e t t e r  kno-m ( 9 ,  1 2 )  

r 

i 

, 
I 

J 

I 

I 

T 

/ I  

I 

7 
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t h e  g;ei?i:ctrj. of a s m i . - i n f i r . i t e  ,-or.oi.i.s doub1.e l.p.:;er 

o:yZen e l e c t r o d e ,  nude of : : .etr?l 2 ,o .de r .  T h e  e1ectrc:: ic 

c o n d u c t i v i t y  of t h e  elec-LTode !::ctrix i s  S?J>>O?& t o  be 

high, t o  s:!.ci? :L I ? ? ~ R ? ,  tli.9.t the v o l t e ~ ; ~  d m y ,  in t h z  

e l e c t r o r .  pn th  c2.n be neg;lce+;ed. I n  t k  cover  l z y e r ,  

t h e  nzrroi:' pores  a r e  f i l l e d  c0zpl.c. t e l y  w i t h  e l e c t r o l y t e ,  

a rdno  e l e c f r i c e l  conversior,  of iolis  t o  e l e c t r c i i s  proceeds 

t h e r e i n .  Thus, t h e  cover  l a y e r  c c t s  as s imple r e s i o t o r  

i n  t h e  e l e c t r i c  ana logue ,  having  EO i .nf luence on t h e  

s ; ? a t i z l  d i s t r i b u t i o n  of c u r r e n t  conversion i n s i d e  t h e  

workinc layer. 

When we r e g a r d ,  f o r  i n s t a n c e ,  a hydrogen anode i n  alkn- 

l i n e  e l e c t r o l y t e ,  t h e  e l e c t r o c h e m i c a l  g r o s s  r e a c t i o n  

may be w r i t t e n  

H2 + 2 OH- _j 2 H20 + 2 e-. 

S i n c e  ' lnetabol is in  wast.e" water  i s  formed, w!iich n u s t  

be rerioved ikon  t h e  working l a y e r ,  e i t h e r  n i g r a t h g  i n  

t h e  l i q u i d  phase ,  o r  d i f f u s i n g ,  as  s team, i n t o  t h e  

hydrogen SUiJply system. Because t h e  wnter  lowcrs  t h e  

i o n i c  c o n d u c t i v i t y  i n s i d e  t h e  e l e c t r o d e ,  i t s  e f f e c t  

a p p r o x i n a t i v e l y  can be t a k e n  i n t o  c o n s i d e r a t i o n ,  under 

s t e a d y  s t s t e  c o n d i t i o n s ,  by i n t r o d u c t i o n  o f  a sornev;hat 

e le - ia ted  i o n i c  r e s i s t i v i t y  pi , s e e  8. 



Using t h e  E i n s t e i n  e q u a t i o n  

gas r e s i s t i v i t y  9 
D = b kT/e, i m l e d i a t e l y  a 

can be- d e f i n e d :  
g 

2 1/99 = nX b e = D nM e /kTf, 

N [ c K 3 3  c a r r i e r  d e n s i t y  D [cm2/d d i f f u s i o n  c o n s t a n t  

n number o f  elem- kT/e--, 25 mV a t  room temperature  
e n t a r y  charges  
p e r  c a r r i e r  f =  4 geometr ica l  f a c t o r ,  

i n c l u d i n g  p o r o s i t y ,  
b [cm2/Vd "physical"mobi1i  t y  t o r t u o s i t y ,  e t c .  r( 

e = 1,601'10-~~ A s  r 

I 
To be e x a c t ,  the  E i n s t e i n  equat ion  a p p l i e s  only t o  conductors  
having ?qual  n o b i l i t i e s  b+.and b- o f  c a r r i e r s  of bo th  s i g n s .  
Here,  H and OH- i o n s  Eire i n v o l v e d ,  t h e  m o b i l i t i e s  of  which 

i n  t h e  f ranevork  o f  t h i s  i n v e s t i g a t i o n ,  as becone ev ident  
h e r e  below. 

d i f f e r  c o n s i d e r z b i y .  fio:vever, on ly  an esti::ate i s  n e c e s s a r y  It 
I 

? 

I 
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I 

e = 1,601'10-19 AS ; 

we g e t  o , c i l < p  < o , I  ohm'cm. 

On t h e  o-ther hand, the  i o n i c  r e s i s t i v i t y  i n s i d e  t h c  vorki i iz  

l e y e r  can be estixnated enr,il.y, a:?<i, i n  a d d i t i o n ,  h3.S been 

measure6 by FiclthLisen ( I  1 ) ,  P o r o s i t y  i s  aronnd 50 p c t . ,  an6 

about  1 5  p c t .  t h e r e o f  a r e  f i l l e d  w i t h  e l e c t r o l y t e ,  6 n KCII 

'at 60 OC. lkk ing  i n t o  c o n s i d e r a t i o n  a t o r t u o s i t y  f a c t o r  

of  l , 5  , t h e  f i n a l  i on , i c  r e s i s t i v i t y  can be c a l c u l a t e d  t o  

Cj 20 ohn'cr;. This r e s u l t  a g r e e s  w e l l  w i t h  I I o l t h : ? ~ ~ ~  

measurexents.  

Out o f  t h e  theory  o f  two-pnase e l e c t r o d e s ,  wt: t a k e  

a corh  [orsz*l + c cosh t a S ( l - ~ * ) l - , ~ .  
Q ( z * )  = ( a + c )  s inhLxsi  (ccl.1) 

. 
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Since  e q u a t i o n  1 i r i p l i e s  d i f f u s i o n  c o n s t s n t  D and ion  

n o b i l i t y  b ,  we ca l l  0 t he  " S p e c i a l  T ranspor t  Function" 

of this t ype  of p o r o u s  gas e l e c t r o d e .  Because e i7  0 

a > c ,  the above w r i t t e n  e q u a t i o n  1 can be s i m p l i f i e d  

o r  
' 6  

,I 

'cosh [w S z]* 
Q,(Z*) = wiG's, 

o r ,  i n t r o d u c i n g  C = c/i;;-2 S 

C cosh [.C z*), 
I 

Q,(Z") = 
. e i n h  c 

I 
' I  

1 
the shape  of this f u n c t i o n  be ing  g iven  i n  f i g u r e  2. 

i s  ana logous  t o  Q(z*) the approximat ive  s p e c i a l  t r a n s p o r t  

f u n c t i o n ,  n e g l e c t i n g  gas r e s i s t a n c e .  

Q i (z* )  

To let Q(.z*) or 4;(z*) become e f f e c t i v e .  and eva luab le ,  

we have t o  i n t r o d u c e  adequa te  v a l u e s  of boundary over- 

v o l t a g e  ? , o r  bvc rvo l t age  parameter  g ,  r e s p e c t i v e l y .  
I Ur.der s t e a d y  s t a t e  c o n d i t i o n s ,  i . e .  a c o n s t a n t  c u r r e n t  / 

d e n s i t y  i f l o w i n g  t o  o r  f r o m  t h e  e l e c t r o d e ,  t h e r e  may J 
e x i s t  a f a c t o r  of !O 0.r 100 between gas concen t r a t ion  

( o r  a c t i v i t y )  i n  the gas phase and e l e c t r o i y t e .  Thus, 
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' 6  4 S t z t i s t i c z l  D i s t r i b u t i o n  of  Act ive  S i t e s  

With t h e  s p c i a l  t r e n s p o r t  f u n c t i o n  Q( z * )  , the  porous  

e l e c t r o d e  has been d e s c r i b e d  as hoaozeneous and i s o t r o p i c  

continuum. The z c t i v e  s i t e s ,  o r ,  i n  o t h e r  words, a o r k i n g  

g r a i n s  o f  i n c o r p o r a t e d  c a t a l y s t  a r e  supposed t o  be  evenly 

d i s t r i b u t e d ,  and i t s  a c t i v i t y  shal l  n o t  depend on z * ,  

From o b s e r v a t i o n s  made a t  a g r e a t  n m b e r  o f  e l e c t r o d e s ,  

we know, t h a t  t h e r e  e x i s t s  a c e r t a i n  s t a t i s t i c  d i s t r i b u t i o n  

Y ( z * )  of a c t i v e  s i t e s ,  depending on g r a i n  d e n s i t y  s t a t i s t i c s ,  

g r a i n  s i z e  s t a t i s t i c ' s ,  s p a t i a l  d i s t r i b y z t i o n  o f  a c t i v e  

proceciure, f l o c d i n ~  of ? o r e s  ecc! on s o i s o n i n s  a f t e r  a 

prolonLed F e r i o a  o f  x o r k ,  ~ o ; . : c v c r ,  j.2 g e n e r a l  Y ( z * )  ~ e y  



1 a2 

* b e  regarded  as even, Yo(z ) 1. This approxiixztion 

h o l d s  f a i r l y  w e l l  d u r i n g  t h e  f i r s t  year o f  use under 

rated load .  Later on, e x g r e s s i o n s  l i k e  Yt(z )=  1 - 
( I U Z * ) ~ ,  t h e r e i n ' n  depending on t i n e ,  0 : m < 1 , and 

q 7 1, f i t  b e t t e r .  To avoid  unadequate mathematical  

d i f f i c u l t i e s ,  we l i m i t  the  s t u d y  h e r e  t o  the  behaviour  

o f  e l e c t r o d e s  hav ing  a c t i v e  s i t e s  evenly  d i s t r i b u t e d ,  

+L 

3 t Y(e ) = Yo(z )e 1. 

5 5 .Current  D i s t r i b u t i o n  i n  a S i n g l e  Pore 

More than 100 y e a r s  ago ;a l r eady  S i r  Grove ( I ) ,  had 

some i n s i g h t  i n t o  t h e  impor t  r o l e  of t h e  t r i -phase  
I 

boundary as c u r r e n t  g e n e r a t i n g  zone o f  gas  e l e c t o d e s .  

However, n o t  e a r l i e r  than d u r i n g  t h e  p a s t  y e a r s ,  s e v e r a l  

a u t h o r s  t r i e d  t o  s o l v e  - the problem o f  c u r r e n t  convers ion  

s p a t i a l  d i s t r i b u t i o n  i n  t h e s e  t r i - p h a s e  zones,  s e e  f o r  

i n s t a n c e  (3,4,5 and 6 ) .  The r e s u l t i n g  d i s t r i b u t i o n  

f u n c t i o n s  6 (v)  a r e  w i t h  r e s p e c t  t o  a co -o rd ina te  v 

a l o n g  the s i n g l e  p o r e ,  o r  p e r p e n d i c u l a r  t o  a s i n g l e  

conve r s ion  zone.*) The o r i g i n  vhas t o  be imagined i n  

the top of t h e  meniscus,  or s imply  c e n t e r e d  t o  each 

i n d i v i d u a l  conve r s ion  zone. z ( o r  z )  and v i n c l u d e  I 

an a n g l e y  de?ending-on  t h e  g e o m e t r i c a l  s i t u a t i o n  of 

each  s i t e ,  s e e  f i g u r e  3. 

! 
*) This t r e a t n e n t  i s  n o t  r e s t r i c t e d  t o  "pore" geometry, 

but oan be e a s i l y  a p p l i e d  t o  e7e ry  geometry, j u s t  
i n s e r t i n g  2s d t h e  c h z r a c t e r i s t i c  d i s t a n c e .  
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4 
The d i s t r i h u . t i c n  $J ( v )  dei;;.i.nds consj.de?ably on 

geometr ice l  r ~ : d  p h y s i c a l  assiirz2tior:.-;, e.c.  p o r e  01' 

f i l m  geometry,  @tis diffv.sio21 a c r o s s  l i q c i d  o r  sol.ic! 

phase,  surfiiice m i g r a t i o n  of gas ato::is, c r e e > i n z  of 

electrolLTte,  e1ectroc;io:nical r e a c t i o n ,  r e t e  det???:j.riin~ 

ste:, , n a t u r e  0: wzstes fo rned  e t c .  iioyvlever, as ~ l o b a l  

c h a r a c t e r i s t i c s ,  t h e  s i n y l e  r u l e  c m  b e  rezardcd ;?s 

g e n e r e l l y  va l id  i n  n e a r l y  a l l  c a s e s , t h a t p - ( v )  d i f f e r s  

from z e r o  on ly  i n  a small i n t e r v e l  - f!i-.v on b o t h  s i d e s  

o f  t h e  co-ordinate  o r i g i n ,  and &. v be ing  comparable . .  

t o  t h e  c l i a r a c t e r i s t i c  "pore  diaineter" c1, Consequentl.y, 

each i n d i v i d u a l  conversion s i t e  can  approximate ly  be 

t r e a t e d  as a small d i f f e r e n t i a l  volurne, perhaps as 

srriall cube o r  s p h e r e ,  t h e  diernetcr s of which i s  a 

l i t t l e  b i t  l a r g e r  t h a n  t h e . p o r e  diaineter  d. I n  o u r  

s p e c i a l  c a s e ,  d . i s  of  t h e  o r d e r  of  magnitude of 30 ' pia, 

and t h e r e f o r e  s u a 1 1  when compared w i t h  elec . t rode 

t h i c k n e s s  S. 

/ 

+ 

6 6 Conbina t ion  of  8, Y and $ 
~~ ~ 

Combining t h e  aforementioned d i s t r i b u t i o n s ,  we g e t  

f o r  one s i n g l e  convers ion  s i t e  

dJ/J = 0 ( z * )  Y(z") 4 (v) dv. (eq .3)  

There in ,  $ ( v )  i s  the d i s t r i b u t i o n  i n s i d e  a s i n g l e  

s i t e ,  Y(z ) r e p r e s e n t s  t h e  ? r o b & b i l i t y ,  t h a t  s i t e s  Ere 
8 
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? * *  
l o c a t e d  i n  a c e r t a i n  d e p t h  i n t e r v a l  frorn z 

and Q ( z  ) i n d i c a t e s  t h e  f r a c t i o n  d J  of t h e  o v e r a l l  

c u r r e n t J  conver ted  i n  t h e  zone z t o  z + dz . ' S i n c e  

t h e  problem, i n  f a c t ,  i s  t o  i n i l i c z t e  t h e  convers ion  

p r o f i l e  ins ide  the .who le  working l a y e r  , we have t o  i n t e -  

grate e q u a t i o n  3 ,  t a k i n g  i n t o  c o n s i d e r a t i o n  the  ang le  y 
between t h e  co -o rd ina te s  v and z . 
o u r s e l v e s  t o  Y = Yo(z )- 1 and t o  'such e l e k t r o d e s ,  whose 

t h i c k n e s s  S > d a l l o w s  t o  approximate t h e  ina iv i c iua l  

s i t e s  as s m a l l  p o i n t - l i k e  sphe res .  Tnen t h e  i n f l u e n c e  

o f  @ -and tf d e g e n e r a t e s  s imply  t o  a f a c t o r ,  which f u r t h e r -  

more c k  be t a k e n  i n t o  account  by normal iz ing  t h e  d i s -  

t r i b u t i o n  w i t h  r e s p e c t  t o  t h e  c u r r e n t  J o f  t h e  e n t i r e  

t o  z +dz , 
* 

* * *. 

Y 
iiowever, we r e s t r i c t e d  

* 

. .  

I 

of c u r r e n t  conve r s ion  i n  t h e  working l a y e r  o f  a sed.- / 

i n f i n i t e ,  po rous  g a s  d a f f u s i o n  e l e c t r o d e  i 

, e l e c t r o d e .  Thus, we get f i n a l l y  the spa t ia l  d i s t r i b u t i o n  

I 

A Express ion  4 d o  n o t  depend on e l e c t r o d e  a r e a  A ,  t he re -  

f o r e  dJ / J  can b e  t aken ,  a t  w i l l ,  as c u r r e n t ,  o r  c u r r e n t  

d e n s i t y .  I n  most p r a c t i c a l  c a s e s ,  t h e  co lumet r i c  c u r r e n t  

load of t h e  c l e t r o d e  w i l l  be the f a v o u r i z e d ,  because 

I 

I 

i 
most ly  obvious  rnagni t ude  )1 

c l i ( z* l  = d J ( z * j  = C cosh [C z*j. (eq.5)  
. i de* J dz* s i n h  C 

t o  be neasu red  i n  ~ d / c n  3 . 
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c 

Table 1 P e n c t r c t i o n  dcp th  'r o f  convcrsion c u r r e n t  i n  

the  workii:c l a y e r  o f  a s e n i - i n f i n i t e  porous gas 

d i f f u s i o n  electro:?e,  as f u n c t i o n  of bou.nc1nry over- 

v o l t n g e  p a r a n e t e r  & and i o n i c  r e s i s t i v i t y  pi .  
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E 
-1 -3 

( o h s  cm 

0 9 7  

092 
0 9 5  

1 
2 

- 5  

. l o  
20 

- 
s?ec i f j . c  i o n  r e s i s t i v i t y  o . ( cii~i'ci< ) , 1  

p e n e t r s  

5 , 7 3  
.$,OS 
2 , 5 7  

1,84 
1 , 2 9  
0,82 

0,57 
0,41. 

1 9 5 9  1342 1,30 
1 ,12  1,oo o,g1 
0 , 7 1  0 , 6 3  0 , 5 8  

I 

In t h e  working l a y e r  o f  marufactured s i n t e r e d  n i c k e l  

e l e c t r o d e s  p e n e t r a t i o n  d e p t h  has  been found between 0,6 

U d  0,9 am.  These r e s u l t s  r e f e r  t o  e l e c t r o d e s  o f  d i z f c r e n t  

des ign ,  both oxy&en ca thodes  and hydroZen m o d e s ,  cont-  

a i n i n g  f i n e  d i v i d e d  s i l v e r  meta l ,  and Raney n i c k 1  as 

c a t a l y s t s ,  r e s p e c t i v e l y .  Having i n  mind, t h a t  under 

s t eady  l o a d  t h e  mean i o n  r e s i s t i v i t y  Fi ap2ears  somexhat 

e l e v a t e d  above 20 ohn'cm* I ,  t h e  measured p e n e t r a t i o n  dep ths  

agree f a i r l y  w e l l  w i t h  t h e  r e s a l t s  g iven  i n  t a b l e  1. 

Consequently,  t h e  exper imente l  range o f  g, has t o  be 

assumed t o  about  5 < g < 10, i. e. t!ie upper  l i m i t  of  t h e  

*) s e e  0 9. 
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e l e c t r o l y t e  r q e l l e n t  b u t  c o r r e c t l y  vmrkin:;, os', on 'she 

. o t h e r  s i d e ,  co i ip l e t e ly  hydroghobic b u t  n o t  ~~r i?e2 'L: r  sLLite6, 
1 t o  t h e i r  e l e c t r o c h e x i c a l  ciu.ties. 

During t h e  p a s t  y e a r s ,  very  t h i n  t r i p 1 2  layer carbon 

e l e c t r o d e s  have  been developed by Kordesch (lJ>). Thesc 

e l e c t r o d e s  c o n s i s t  of a s i n t e r e d  n i c k e l  f o i l  es s u b s t r a t e ,  , 
a b o u t  0,18 nm i n  t h i c k n e s s ,  and completely m t e r  r e p e l l e n t  

by a d d i t i o n  of some PPFE. O n  t h i s  suppor t ing  s h e e t ,  a 

c o a r s e  carbon l a y e r  i s  sp rayed ,  composed o f  50 p c t  o f  

carbon powder and 50 p c t  PTFX and PE. This  i n n e r ,  so- 

c a l l e d  "backing" carbon l a y e r  i n c o r p o r t e s  no  c a t e l y s t .  

Its t h i c k n e s s  i s  a b o u t ' o , 2 5  mm. F i n a l l y ,  the e l e c t r o d e  

is covered by a t h i r d  l a y e r ,  c o n s i s t i n g  of 75 p c t  of 

carbon and 25 p c t  X3, hav ing  also abou t  2 mg/cm2 o f  

I 

PTFE 

pla t inum b l a c k  as c a t a l y s t .  The tn i c i ines s  o f  t h i s  upper ,  

so -ca l l ed  a t a c t i v e t t  carbon l a y e r  i s  about  0,13 im. 

The large amounts oi' e l e c t r o l y t e  r e p e l l e n t  a g e n t s  in- 

co rpora t ed  i n  t h e  two under  l a y e r s ,  h o i d s  then  f r e e  o f  

e l e c t r o l y t e . .  However, i n  t h e  upper l a y e r ,  t i e  PTPS a c t s  

p r e f e r a b l y  as b ind ing  a g e n t  and, t h e r e f o r e ,  t h i s  a c t i v e  

l a y e r  is p a r t l y  filled w i t : ?  e l e c t r o l y t e .  Phis  k i n d  o f  
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e l e c t r o d e s  a r e  ciesl-ned f o r  a v e r y  1011 ~ 2 s  pressure, 
2 l e s s  t h a n  o , l  kp/cn p g e .  ' i 'herefoze, a l r e a d y  t h e  

very t h i n  f i l z  OJ? e l e c t r o l l f t e ,  a d h e r e n t  t o  t h c  o u t c r  

s u r f a c e  of the. e l e c t r o d e  avoid gas l o s s e s .  

I n  p r i n c i G l e ,  n u l t i l a y e r ,  p a r t l y  hydrophobic e l e c t r o d e s  

obey t h e  s m e  theory  as h y d r o p h i l i c  two-layer arrange!ne:its. 

Only a thorou&h s tudy  of  t h e  parar ie ters  i s  r e q u i r e d  i n  

those  cases .  

Since t h e  a c t i v e  l a y e r  e x h i b i t  a thicknt-ss  of  no' Inore 
than  0.13 mn, we are l e d  t o  the  conclus ion ,  t h a t ,  in ,  

' .  hydrophobic carbon e l e c t r o d e s ?  and/or n u s t  be h i g h e r ,  
than  i n  h y d r o p h i l i c  n i c k e l  s i n t e r e d  e l e c t r o d e s .  I n  f a c t ,  
bo th  assumptions are reasonable .  E l e c t r o l y t e  f i l m s  OF 
a p a r t l y  r e p e l l c g t  s u b s t r a t e n  o f t e n  w i l l  be i n t e r r u p t e d .  . 
Therefore ,  the u a i n  i o n  r e s i t i v i t y  os^ t h e  e l e c t r o l y t e  
network becones s u b s t a n t i a l l y  h i g h e r ,  than  on h y d r o p h i l i c  

f e d  t o  thn conver t ing  s i t e s  7;hrough v e r y  narrow s l i ts  and 
,cliannels i n  t h e  s o l i d  m a t e r i a l  r a t h e r  t h a n  d i s s u s i o n  
a c r o s s  l i q u i d  f i l m s .  Thus, t h e . a c t i v i t y  between g a s  phase 
and e l e c t r o l y t e ,  i n  t h i s  type  of e l e c t r o d e  d i f f e r s  c e r t a i n l y  
l e s s ,  than  i n  h y d r o p h i l i c  ones,  Consequent ly ,  t h e  over- 
v o l t a  e I+) , as caused by t h i s  d i f f e r e n c e  must be lower ,  
g - l$y must be higher,. 

s m a t e r i a l s .  I n  carbon e l e c t r o d e s ,  t h c  r e a c t i o n  g a s e s  a re  

Thus, i t  s e e m  l i k e l y ,  t h a t g a s  r e s t i v i t y ?  

e l e t i v i t y  3, remain sua11 as compared t o  i o n  r e s i s t i v i t y  

and e l e c t r o n  re- 
g 

and p fi. Since exact v a l u e s  of Q i  s p e c <  F i  g 
p o r o s i t y ,  pore  d i a m e t e r ,  and f r a c t i o n  of pores  f i l l e d  

have n o t  been p u b l i s h e d ,  a q u s i n t i t a t i v e  coronarison w i t h  

the t h e o r y  cannot y e t  be accoagl i shed .  

. .  
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9 9 Non-uniforz IOR R e s i s t i v i t y  

( 
In a r e c e n t  p a p e r  (15), i t  hgs been shown, t h z t  "s t ran&e" * )  

t y p e s  of c u r r e n t  d i s t r i b u t i o n s  occur  i n  porous e l e c t r o d e s ,  

i f  i o n  arid e l e c t r o n  r e s i s t i v i t i e s  do not  rer ia in  homo;eneous, 

bu t  depend o n  t h i c k n e s s  co-ordinate  z . Under s t e a d y  

s t a t e  c o n d i t i o n s ,  i n  hydrogen anodes water i s  formed, and 

i n  oxygen ca thodes  water  i s  consumed. Thus, c o n c e n t r a t i o n  , 

p r o f i l e s  K(z  ) o c c u r ,  which inl"1uences i o n  c o n d u c t i v i t y .  

The "zero c u r r e n t "  e l e c t r o l y t e  e x h i b i t  n e a r l y  t h e  i o n  re- 

! 
si 

1 

* 
I 

s i s t i v i t y  minimum, and any change i n  c o n c e n t r a t i o n  K w i l l ,  

t h e r e f o r e ,  c a u s e  an i n c r e a s e  o f  i o n  r e s i s t a n c e  pi. 
e v e r ,  t h e  e x a c t  c o n c e n t r a t i o n  -and t h e r e f o r e  a l s o  r e s i s t i -  

v i t y -  p r o f i l e  i s  s o  far n o t  y e t  known, 

How- 

* 
However, t h e  i n f l u e n c e  o f  r e s i s t a n c e  p r o f i l e s  p i ( z  ) can 

be s t u d i e d  w i t h o u t  e x a c t  knowledge of t h e i r  magnitude, 

s i m p l y  b y  p u t t i n g  d i f f e r e i t  o b l i q u e  p r o f i l e s  i n t o  the 

e l e c t r i c a l  ana logues .  A s  a f i r s t  s e r i e s ,  we took  l inear  I 

c o n c e n t r a t i o n  p r o f i l e s  ~ ( 2 % )  : 
I 

Jt * * 
K(z ) = K, - K2(1-z ) , z = z/S (.equ. 6 a )  

having d i f f e r e n t  c o n s t a n t s  K2. 

o f  t h r e e  l i n e a r  c o n c e n < r a t i o n  p r o f i l e s  on c u r r e n t  d i s t r i b u t i o n  

i s  given. 

I n  f i g u r e  4 ,  t h e  i n f l u e n c e  
I 

~~ 

*li. e. d i s t r i b x t i o n s  e x h i b i t i n g  a maximum i n s i d e  
t h e  e l e c t r o d e ,  i n s t e a d  of a broad 
m i n i a m  2s i n  flcoi?.zon'' d i s t r i b u t i o n s  
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t r a t i o n  ~ r o f i 1 . e  l O i ! e r ;  t h e  c u r r e n t  d i s t r i b u t i o n  mer tine 

g a s  s i d e  o f  t h e  e l e c t r o d e ,  i . e .  nez r  Z N  0 . I n  o t h e r  words,  

t h e  p e n e s r r t i o n  de?t?i hea b e e n  ciecreased. 

\ 

I n  o r z c r  t o  v e r i f y  t h i s  resu . l t ,  as a second s e r i e s ,  y e  

a l s o  too:< silse o t h e r  i o n  r e a i s i i v i t x  p r o f i l e s  i n t o  ' the  

analogue.  Tine r e s u l t  i n d i c a t e d  i n  f i g u r e  5 does n o t  

d i f f e r  considerably T r o a  t h e  influence o f  l i n e a r  c o n c e n t r a t i o n  

p r o f i l e s ,  2-3 is evidcr i t  wher. co:!:;inrin;: fi,.;. 4 aiid 5. 

\ 
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Table 3 

Concentretiori  3 r s f i l ~ e z  o f  f i j i : r c  5 

Exponent ia l  aiid t g h  p r o f i l e s  a r e  g i v e n  by  

*‘ .k 
K(z ) -  = IC, expr-K2(1-z - )] (egu. 6 b )  

K 1  .k 
and 

K(z*) = T + K3 tgh [K4(  - z g. (equ.  G c )  

As main r e s u l t ,  we can  s t a t e ,  t h a t  c o n c e n t r a t i o n  ; , ro f i l e s  

i n  t he  e l e c t r o l y t e  do  n o t  cause  u n u s u a l  d i s t r i b u t i o n s  o f  

the cur ren t  conve r s ion  i n  porous t r i p h a s e  e l e c t r o d e s .  

Gspec ia l ly ,  ” s t r a n g e ”  d i s t r i b u t i o n s  do  o c c u r  he re .  

I n  o r d e r  t o  r e p l e r - i s h  t h e  r e s u l t s ,  i n  f i g m e  6 t h e  

i n f l u e n c e  0; overvo l t age  p r o f i l e s  on cur rer - t  d i s t r i b u t i o n  

i n  p o r o u s  t r i? ,?ase  e l e c t r o d e s  i s  sho;r.n, e l t h e r  hcving  



, curve  
I? 0 

fig.6 
i n  

( 1 )  
(2) 

* ( 3 )  

, 

* 
KOII c o n c e n t r a t i o n  K(z ) o v e r v o l t a g e  ( z * )  
( p c t .  of weight )  ( r e l a t i v e  u n i t s )  

* * * 
type of a t  z= 0 a t  z*= 1 t y p e  Of a t  z = 0 a t  z = 1 p r o f i l e  p r o f i l e  

const .  27 27 c o n s t .  1 1 

cons t .  2 7 27 l i nea r  9 1 

ex?. 4,5*) 27 l inear  9 ’  1 

\ 

\ 
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uniform i o n  r e s i s t i v l $ , y  (curve  2 - ) ,  e i t l i e r  i- co::,jin-- 

a t i o n  w i t h  e x p o l i i n t i e l  cocccntxt:tior, 2rof i lc : ;  ( c s r v c  3 ) .  

Already i n  ( 1 4 )  i t  m s  expla ined ,  t i int  overvolczge 

p r o f i l e s  i n f l u e n c e s  tile d i s t r i b u t i o n  of c u r r e n t  convers ion  

m ~ c h  l e s s ,  thzn  r e s i s t i v i t y  p r o f i l e s  do.  ?he profi1.e 

chosen h e r e  i s  v e r y  s t e e p ;  a nii ic-fold increas i .  o f  over- 

v o l t a c e  over a d i s t w c e  o f  o n l y  1 IaIri, i s  co::!pletely o u t  

of  t h e  range t o  be e v e r  expected i n  m m u f a c t u r e d  e l e c t r o d e s .  

Therefore ,  i t  can be a f f i n ? e d ,  t h a t  e l s o  i n  porous t r i p h a s e  

e l e c t r o d e s ,  the  in3 luence  of  r e a l i s t i c  overvol tage  p r o f i l e s  

rez2ains sxa11. mer .  taiciziz s t c o p  overvol tage  p r o f i l e s  

i n t o  c o n s i d e r a t i o n ,  no uncornzion d i s t r i b u t i o n s -  o c c u r  i n  

t h o s e  t r i p h a s e  e1ecl;rodes u n d e r  c o n s i d e r a t i o n .  

Table 4 
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,.,. me trc;-atnent oL' c u r r e n t  cor ivcrs icn end i.ts d i s t r i b u t i o n  

i,- .L,i6e - the v:orking l a y e r  o f  porous gas e l e c t r o d e s  -tri- 

2iiaso e l e c t r o d e s -  can be s u b s t a n t i a l l y  s i s p l i f i e d  by 

reaucjGing t k e  ? r o b i e c  t o  t h e  ICluch b e t t e r  known theory  

of porous e l e c t r o d e s .  The o n l y  c o n d i t i o n  i s t ,  that 

e l e c t r o n  r e s i s t i v i t y  can  be n e g l e c t e d ,  as i t  i s  t h e  case 

for i n s t a n c e  i n  a l l  p r a c t i c a l  f u e l  c e l l  e l e c t r o d e s .  To 

r w l i z e  t h i s  t h e o r y ,  gas supply can be c h u a c t e r i z e d  by 

a " g 2 s  r e s i s t i v i t y "  t o  be neasured i n  e l e c t r i c a l  u n i t s .  
. .  

The d i s t r i b u t i o n  of c u r r e n t  convers ion  can be found o u t  

as t h e  p r o d u c t  o f  t h r e e  rcain f a c t o r s ,  t h e  s p e c i a l  t r a n s p o r t  

f u n c t i o n  8, t h e  c u r r e n t  d i s t r i b u t i o n  i n  a s i n g l e  c u r r e n t  

gene1:at;in; s i t e ,  and t h e  s i t e  statistics. The f i rs t  o f  

t h e s e  f a c t o r s  governs t h e  convers ion  behaviour  a t  ieast  

of s i n t e r e d  metal e l e c t r o d e s .  

of the  work r e p o r t e d  h e r e ,  f o l l o w i n g  the r u l e s  mentioned 

above ,  nonotonous d i s t r i b u t i o n  c u r v e s  can be given.  A r 

p e n e t r a t i o n  d e p t h  can be d e f i n e d ,  having  t h e  o r d e r  o f  I 

s m e r a l  te:ith o f  a m i l l i m e t e r .  The r e s u l t s  a g r e e  with , 

p r a c t i c a l  exper ience .  By i n t r o d u c i n g  c o n c e n t r a t i o n  

a n d / o r  o v e r v o l t a g e  ? r o f i l e s ,  t h e  t h e o r y  can  be f u r t h e r  / 

developed.  As s p e c i a l  r e s u l t ,  no " s t r a n g e "  d i s t r i b u t i o n s  

occilr under  t n e s e  c o n d i t i o n s .  

As a p r i n c i p a l  r e s u l t  

I1 
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Figure 2 

Shape of special trensport functions 6 i (  z*  ) in working 
layers of porous gas e l e c t r o d e s ,  equztior! 2 a o r  2 b. 
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r- working layer ~--J,cover layer 

z=o Z = S  

., - 
F i g u r e  3 

E e l a t i o n s  betveei i  e l e c t r o d e  co-ord i r ia tc  7, cnd i r !d . i .v i .c i . ! jd  s i ts  
co-ordinate v. z *  = z/S. 

? 

\ 
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percent current / A t  = 0.1 mm 
1 

c- ions 
0 0.2 0,4 0.6 0.8 1.0 mm 

thickness co-ordinate z 

E’igura 4 

I n f l u e n c e  of l i n e a r  c o n c e n t r a t i o n  p r o f i l e s  K ( z )  on c u r r e n t  
d i s t r i b u t i o n  in porous  t r i p h a s e  e l e c t r o d e s .  Thickcess of working 

-1 -3  l ayer  S = I mn, overvol.tage pa rme tex=  c; = I O  o h  CIL . 
Concentration profile .parameters  are given i n  t a b l e  2. 
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percent current / d z  = 0,l mm 

t 

0 . 0,2 0,4 0,6 0,8 1.0 mm 
thickness co-ordinate z 

Figure  5 . .  

I n f l u e n c e  of e i f f c r c n t  shcpo of t h e  cor:cer.tI:?.ti or! p r o f j . l e  i;( z )  
on c~rr .e : - t  d i s t r i b n t i o n  i n  po rous  tr ip 'r ,as? e l ec t i -o&s .  Thickness  
of v : 3 r % i E G  l a j o r  S = 1 n n ,  ovcrvoltegc ?srar..cter = I C )  01:r CE . 
Concant ra t ion  p r o f i l e s  ere g i v e n  i n  t a b l e  3 .  

-1 --3 
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percent current / Az = 0.1 mm 

ions 
I 0 0.2 0.4 0.6 0.8 1.0 mm I 

thickness co-ordinate z 1 

4 
F i g u r e  6 A 

InfIuer,ce of 8 l i n e e r  overvoltsEe p r o f i l e  ~ ( z )  on c u r r e n t  ( 

d i s t r i b u t i o n  i n  p0ro:s t r i p t r s e  e l e c t r o d e s .  Th ickness  of norking ! 
layer S = 1 a, peraretcrs ioaicated in teble  4. I 

li 
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ADSORBED RESIDUES FROM FORMIC ACID AND FORMATE ION 
1 

GENERATED UNDER STEADY-STATE POTENTIOSTATIC CONDITIONS 

Stgniund Schuldiner and Bernard J. Plersma* 
Naval Research Laboratory, Washington, D. C. 20390 

INTRODUCTION I 

Wlicm a clcnii plxt inum elcctrodc is exposcd undcr opcn circuit con- 

ditions to formic acid or sodium formate solutions there is a rapid dehydro- 

genation reaction followcd by a much slower iiitcraction of adsorbed H atoms 

with formic acid or form:ttc ions to give molecular hydrogen and free radicals 

(1, 2). Thc frec r a d i r d s  formed by this rcaction and by the initial dehydro- 

genation reactions intcracl with the surface and each other to form residues 

' which then hinder further dcliydrogenation. Upon potentiostating the P t  

electrode, one would expcict that any atomic hydrogen formed by dehydrogenation 

would bc rcndily oxiclizcd. A prcvious steady-state potcntiostatic study (3) 

on the anodic oxidation of formic acid and hydrogen in formic acid and formic 

acid + sulfuric ;ic:id mixtures showed that even though the initial ra tes  of 

oxidation for formic acid ni i c l  hydrogen i n  such solutions could be quite high, 

there is a gradual decrease in ra tes  until at steady-state, the reaction rates 

would be coiisidcrably rutluccd. Evidciitly, tlic formation of f r ee  radicals also 

OC(:UI.S undt:r pnteiitio?t;itii; condilloris and thc rcsulling residue can d l e c t  the 

ratcs of oxidation of bot11 formate species and hydrogen. 

1, 

? 

1 
I 

1 .  

t 
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The present investlgatlon was for  the purpose of determining the 

steady-state potential vs. coverage relatlonship of the organic residue on 

Pt in formic acid and formate ion eolutione, both under helium and hydrogen 

saturated conditions. The amount of residue was determined by a high current 

density anodic galvanostatic pulse. Such charging curves show an increase in 

the number of pcoul/cm* required to form a monolayer of adsorbed oxygen 

atoms on the surface of the Pt electrode (Pt-Oad). This increase beyond 

the 420 + 36 lcoul/cma required to form a monolayer of Pt-Oad on a clean 

Pt electrode plus double layer charging, respectively (4) was attributed 

to oxidation of the organic residue on the electrode. Such measurements only 

show thc number of coulombs of charge required to oxidize adsorbed organic 

materlal plus water. Unreactable species on the surface may not be oxidized 

by the  ,anodic gdvmostal ic  pulse, but may be desorbed. Unreactable species 

. 

which a re  chemisorbed may cause an increase in overvoltage for the forma- 

tion of oxygen atoms. Because of the complexity of interpretation of the anodic 

charging curves and because qualitative ldentlflcation of the organic residues 

. 
I 

or of the oxidized or desorbed products is an extremely difficult problem in 

itself, it  is not possible, at the present time, to associate the amount of 

charge actually determined by this technique to specific reactants, reactions, 

\ 
i 

\ 

or products. Therefore, in such B case the use of such te rms  a8 degree of 

surface coverage have little real  meaning, Hence, ln this study the number 
1- 

of electrons generated in the atomic oxygen adsorption region (from -0.9 to  

1.8 v), after subtracting the monolayer contribution due to Pt-Oad +,double 

f 
" ,  

I I 
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layer, is expressed as q 

used to remove the organic species adsorbed on the Pt surface at specific, 

steady-state anodic potentials, 

and solely represents the amount of charge 
org 

EXPERIMENTAL 

Thc solutions invrstigated were: (a) 1 M HCOOH + 1 M (pHZ o ) ,  
0)  1 M IICOOH + 1 M HCOONa (pH = 3 . 5 ) ,  and (c) 1 M HCOONa (pH = 7.9). 

The formic acid was rcagcnt grade, the &SO., was ultrapure (E. Merck, Darmstadt). 

Measurcnir:Ii ts wclrc rn;itlc in both helium-and liydrogen-saturated solutions (see 

rcf. 2 for details of experimental techniques). Thc P t  working electrode po- 

tciitinls were controlled with a Wenking GlRS potentiostat, galvanostatic pulses 

(1-2 anip/cma) wcre ;ipplicd with either ai Elcctro-Pulse 3450C o r  3450D p d s e  

generator and t raccs  wcrc photographed from a Tektronix 547 oscilloscope with 

a 1 A l  plug-in. 

and galvnnostnlic cuiitrol wore as previously described (5). 

Tlic circuitry used and the fast  switching between potentiostatic 

Tlic! t imci rt~cl~iircxl I o  reach steady-state conditions, In most cases, re -  

quircd at least  14 hours. Fig. 1 gives two examples of the q relation with 

tilnc. Curvc (a) for the 0.1 M HCOOH + 1 M %SO4 in %saturated solution i s  

the only data obtaiiicd for  tliis solution. Eveti though, in many cases ,  there 

0% 

was little change in q 

d t c r  a sulficient length of time showed considerably larger  amounts of charge 

were required to remove tlic organic residue which slowly formed on the 

surface. 

within the f i rs t  5 minutes, the steady-state values org 

I 
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I All potentials are referred to the reversible hydrogen electrode in 
I '. 

the same solutlon (RHE). The temperature was 25 f 1 "C. 1 

I 

RESULTS 
I 
I 

Steady-state, potentlostatic polarization curves for formic acid and 1 
I 

formic acid + sulfuric acid mlxtures were published previously (3). Fig. 2 

and 3 show the polarization behavior for  1 M HCOOH + 1 M HCOONa and l 
1 M HCOONa solutions. Both curves show hysteresis effects similar to 

those in other formic ncid solutions (3). There a re  some lmportant dif- 

/ 
ferences, however. In the 1 M HCOOH + 1 M HCOONa (He-saturated)' 

I '  
' solution (Fig. 2), on the decreasing potential arm,  the current densities 

extend beyond the values found for the increasing potential a r m  at potentials 
1 

I 
of about 1.0 V. h the 1 M HCOONa solution (Fig, 3), there is a sidlar Ln- 

crease  Ln current densities for decreasing potentials in %-saturated solution 

wNch extends from 1.0 to 0.1 V. * 

I 

Fig. 2 shows a passivation effect for  both He-and %-saturated 1 M 
I I 

HCOOH + 1 M HCOONa at about 1.4 v. This is well above the potential water 

can be oxldized to form Pt-Oad. Fig. 2 further shows that,Ln the presence 

of an oxidizable anion passivation does not occur at the relatlvely low poten- 

tials (VS. RHE) found in solutione contalning inert anions (3, 6, 7). A slight 

I 

/ 
I 

* , passivation effect Ln He saturated 1 M HCOONa (Fig. 3) occurs at about 

1.5 v but this also Le well above the potential at which water can be oxldized 
1 
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I 

to form Pt-Oad. In Ha-saturated 1 M HCOONa there is a slight decrease 

in oxidation rate at potentials positive to 1.0 v and a marked activation on 

the decreasing potential a r m  starting at about the same potential. However, 

these effects clearly show that the formation of oxygen species on Pt do not 

affect the retardation of the oxidation of formic acid or formate ion below 

1. 4 v. This verifies previous conclusions (3, 6, 7) that passivation effects 

in the presence of casily oxidized hydrogen or organic species is not due to 

the fornintion ot oxygcii spccies from water which retard the oxidation of % 

and/or formates. 

Fig. 4, 5, and 6 show the effects of the steady-state, potentiostatic 

0% 
adsorbed residue found in formic acid and formate ion solutions. The q 

values in Fig. 4, 1 M HCOOH + 1 M &SO, in both He and &saturated 

solution, s t a r t  at about 450 pcoul/cmz at  open-circuit and go to maximums 

of about 525 to 575 a t  0.5 v. If one would assume a monolayer coverage Of 

the residue, them , I  littlc over two electrons per Pt site (210 pcoul/crnz = 

1 electron pcr PI sit(') wciult l  be required to oxidize the residue. Contrasting 

these results with those o l  Dreiter (e), Brumnier and Makrides (9), 

Brummer (lo), Minakshismdaram et  al. (ll), and Urbach and Smith (12), 

the amount of charge required to strip the adsorbed residue is more than 

twice the amount found by those investigators. It should be remembered, 

however, that we have measured the steady-state values, and a s  can be seen 

in Fig. 1 , this can be about twice t h e  values found for the coverages at the 

short adsorption times used in references (8-12). 

general shape of the curves in Fig. 4 a r e  similar to those in (8- l l ) ,  the 

details a r e  quite different. For example, instead of the plateau found (8-11) 

In addition, although the 
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a linear increase in q 

was found. The drop in q was also l e s s  abrupt. It is obvious that the 

residue formed under steady-state condltlone ie quite different from the one 

adsorbed on the surface after only short ttmes. The adsorption resul ts  of 

Urbach and Smith (12) showed peaks at about 0.2 and 0.8 v and were different 

with potential up to a maximum at about 0.5 v 

0% 

org 

1 
i 
i 

from the results of other workers (8-11) and to those shown here. However, 

Urbach and Smith determined coverage from radlornetric measurements of 

tagged foriiilc acid and wcrc, Ln fact, dotcrrnining the concentratton of ad- 

sorbed tagged carbon rather  than the concentration of adsorbed oxidizable 

I 

species. It is possible also that the dtfferencea found by the various workers 

are due to the differences in the constantly changing composition of the surface 

species. This can be seen from Fig. 1, curve (a) where the initial 2.5 to 

5 minute results gave q 
I org  

pcoul/cmP for fraction of surface coverage, 8 = 1, a 8 of about 0.7 to 0.9 i s  obtained. 

' I  

of 140 to 180 pcoul/cmm or, on the basts of 210 

found in 1 M HCOOH + 1 U HCOONa Ln He-and W a t u r a t e d  The Qorg 
solutions are shown in Fig. 5. In +saturated solution the relationship be- 

tween q and potential is similar to the sulfuric acid case (Fig. 4) except 

that the drop in q is l e s s  at potentials above 0.5 v. In ,He-saturated 

solution, however, the character of the residue must be quite a f fe ren t  since 

runs considerably hlgher than in sulfuric acid solutions. In this the qorg  

org I \ 
org  

\ I <. 

case q 

Such a high value of q 

runs as high as 775 pcoullcmP or about 3.7 electrons p e r  Pt site. I org 
appears to indtcate that the organic residue which 

Org 

I ? '  
/ 

i 'I 

, I  

I 

. .  , 
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i s  oxidized coiisists of cumplex molecules wltli oxidizable s i tes  which ex- 

tend several atomic distmces away from the surface. 

The coinplexlty uf the potentlal vs. q relatloii shown in Flg. 6 
0l-g 

makes analysis yirtually impossible. There a r e  some similarities between 

the pcnks a n d  valleys for the H e a n d  H,-saturatcd solutions, but the most 

obvious dilference i s  the fact that in He-saluratcd solution the adsorption 

bchnvior i s  both niorc~ (,oiiiplex and q can rise to substantially higher 

pcak v;ilucs. The 0. ! ) 5  v v;lluc of 925 pcuul/c*iiia is  equivalent to 4. 4 

electrons por Pt nlnin. 

org 

DISCUSSION 

The most i1l)vioiis csflect o f  hydrog:.cn in  the solutions investigated i s  

t h n t  tlic iiw:isrii,I~tl ( 1  is sulJst:iiitinlly lower a t  essentially a11 potentials. 

III It2-s;itiir:iic~(I : ; o i ~ i ~ i i ~ i i s ,  11i.c open-circuit pt)tcntinls were thc equilibrium 

hydrogen potc:nti;lls vvun 1 iii~ugli .the charging curves taken under steady-state 

conditions s l iowcd  i i o  visit i l c c  hydroKen oxidation region, 

tracc amounts of hytlrugcrri present on the c1cc:Irodc were sufficient to main- 

t a i n  the cquilibrium hydrop!n rcnction at opcn-c:irc>uit (2). 

hydrol:en I rani tho 13, I : ; I I I  ;issoci;ite with t h e  :iurf:ic:c aiid/or organic residue 

(111 11ie: surl;ic:e :lfCoc,tirl[: 1110 structure and  composition o[ this residue. Pre-  

viously reported work (1 3)  tins indicated thnt :il.miiic hyclrogdn at potentials 

negative to 0. 3 v can inlc.rnc:t with CO, whidi thcn prevents oxidation of this 

tiydrob.cn at potentials below 0. 9 v with a high amplitutlc galvanostatic pulse. 

t )  1.1: 

It appears that the 

Some of the 
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The interaction of hydrogen with formic acld and formate ion is much more 

complex, but i t  is apparent that the presence of hydrogen does affect the 

character of the eteady-state organlc resldue. 

Another factor which apparently also has a strong effect on the 

character of the organic residue Is the pH, This can be especially seen 

for the He-saturated solutions shown in Fig. 4, 5, and 6 where the inter- 

fering effect of hydrogen is minlmized. At potentials below 0.7 v, q 

creases  as the pH incrcascs. 

de- 
0% 

This indicntcs that the structure of the ad- 

sorbed orgnnic rcsiduc I s  in n higher oxidation stale a s  thc pH increases. 

This and the fact that the pH 7.9, 1 M HCOONa solution (Fig. 6)  is more 

sensitive to potential indicates that in the more alkaline solution the adsorbed 

species may be more in the nature of adsorbed anions or simple dipoles 

ra ther  than complex molecules. The lower pH adsorption is l e s s  dependent 

on potential and significant desorption does not occur below 0.5 v. 

I 

Further evidence for the pH effect bn the structure can be seen 

from the He-saturated potcntiostatlc polarization curves shown in Fig. 2 

and 3. The higher pH results (Fig. 3) show a limitlng current density at 

2.5~10'~ amp/cma from 0.7 to about 1.2 v followed by a range of increasing 
\ 

oxidation rates with increasing potential. The hysteresis effect in the de- 

creasing potential a r m  is relatively small. This and the data in Fig. 6 

' (which shows a strong coverage dependence on potential) lndlcatee that the 

oxidatlon of formate ion Itself is rate-determining and is not limited by the 
I 

i~ 

I 
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t amount o r  character of the organic residue on the surface. At  potentials 1 

above 1.2 v, the surface is essentially f ree  oC the organic residue and the 

rate of nxid;ilimi gr:idunlly incrcnsw ns the potcntial i u  iiicrcnscd to about 

1.5 v.  

cli:ingcs at about 1.2 v. 

tion intermediate has some affect on the reaction rate at potentials above 1 . 2  v. 

I 

This implies that the oxidation mechanism of formate gradually 

Perhaps, a mechanism involving a water oxida- 

I 

In  Fig. 3 there rcally is no pronounccd passivation on the increasing 

I potcntinl nrni Cor tliv He-saturated solution. It also is significant that in H, 

saturated solution, tlic orgmic residue only slightly passivates the H, oxida- 

tion coniponcnt to the oxicl:ition rate of the formate itself on the increasing 

potential a rm :~bovc 1.0 v. In fact, there only is a little difference between 

the H,- and He-saturated solutions from 0.7 to 1. 6 v on the increasing po- 

tential arm. On the  other hand, for the decreasing potential a r m  there is a 

sigiiificant activation cfIc,ct which reaches a maximum at 0.7 v. The hysteresis 

I, nt potcntials below 1.0 v i n  Ha-saturated solution show increased activity fo r  
v 

hydrogen oxid;ition. This and the decreasing potential increased activity shown 

in Fig. 2 a r c  the f i rs t  times such Increases have been noted in the various 

fortiiic acid, furtixitc, sulfuric acid, mid a1k;ili solutlons investigated hcre. 

\ 

1 ' 

Although these points were repeatedly checked and critical points kept \ 
potcntiostntcd nt ;i givcw value for three to four days, it  is likely that very 

slow changes in reaction rate may still be occurring and that eventually a 

return to thc values on the potential increasing curve would be obtained.. It is 
4 
\, difficult to s c e  how this could be otherwise. r 
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because this ra te  of oxldation is 3.5 times faster  than the maximum rate  of 

oxidation of hydrogen in sulfuric acid solution (6). The pronounced passiva- 

tion which occurs at higher potentials can be explained by adsorbed oxygen 
( 

atoms on the reactlon rates. 

CONCLUSIONS 

I .  

4 
A limitation to the use of organic fuels for low temperature fuel cell i \ 

applications i s  the formation of organic residues primarily from the f ree  

radicals which a r e  generated at the surface. To better understand these 

residues it is necessary to study their formation, to characterize their 

electrochemical behavior, and to determine their chemical composition. 

Transient electrochemicd studies which prlmarily avoid the effects of, these 

I 
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rrsiducs mid wlilch den1 only with the rcnctlons of thc orlgliial spcclcv 111 

solutlon on a Clem electrode must be carrled out on rigorously controlled 

surfaces characterized in a meaningful way. 

occurring on a clean surface may be controlled and separated in certain in- 

stances. However, the character of the surface Is constantly changing and 

of real  import from both a fundamental and practical viewpoint 1s the steady- 

state behavior. 

The rates  of the various processes 

The worlc i*cy)r)rtrd licre shows Uiat at low polarization potentlals the 

rates of fuel oxitl:ition a rc  strongly retarded I)y the organic residues formed 

on the surface. This most l ikely occurs by removing s i tes  at which dehydro- 

genation of the organic material can take place (2). Dehydrogenation appears 

to be the desired process whi ch can produce easily oxidizable H atoms which 

a re  the effective fuel at low polarization. It appears that oxidation of carbon 

itself can readily occur :it higher potentials, but this reaction would be of no 

obvious value for lucl r(41 operation. Dissociation of organic fuels to atomic 

hydi*ol:en also iin1)lics 11i:il fu l l  low tempcrature oxldntion of thc fuel to C02 

and H,O would not be practicable in many cases,  and that a large part  of the 

chemical energy of the fucl could not be utilized in the generation of electricity. 
\ 

Some degree of control of the organic residue results from the presence 

of molecular hydrogen and by changing the pH. Both lncreased pH and hydrogen 

lower the nutnlicr of coulombs. of charge required to oxidize the organtc restdue 

and allow higher anodic current densities a t  low polarization potentials. 
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Activation of a Pt electrode by anodic charging appears to have 

long-time effects on increasing the rate of fuel oxidation. This effect i s  1 
1 

most pronounced in &-saturated 1 M HCOONa. 
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I M HCOOH 

I M HCOONa 

p H = 3.5 

+ 

0.2 

1 0 7  10-6 to-’ Io-*  IO-^ 10-2 

i (AMPICM~) 

Fig.  2. Steady-state potentlostatic current denelty vs. potentlal relation 

In 1 M HCOOH + 1 M HCOONa. 

i 
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FUNDAVENTAL STUDY OF ADSORPTION 

OF HYDROCARBONS ON PLATINUK ELECTROEE 
.. 

M.BONNEMAY, G.BRONOEL, D.DONIAT and J.P.PESANT 

Laboratoire d'Electrolyse 
du C. N. R. S. 

I. INTRODUCTION. 

The purpose of this report is to present the results 
obtained by a selective method of analysis of adsorption in 
connection with the study of the kinetics of fixation of hydrocarbons 
on smooth platinum. The principle involved and the experimental 
equipment used in this method have been described in a number of 
articles and we will not go into them further at this time. 
However,. we.have considered it appropriate to emphasize the basic 
differences existing between the method used by us and those which 
were selected by other authors dealing with the s h e  subject. 
These differences should in fact be kept in mind in comparing our 
results with those previously published. 

11. BASIC CHARACTERISTICS OF THE SELECTIVE METHOD FOR THE 
STUDY OF ADSOORPTION. 

The study of adsorption processes is usually carried out 
from an analysis of the shape of the isothermal curves, that is 
to say the curves representing the variation of electrode coverage 0 
as a function of the concentration of substances in the medium 
under consideration. This method is not very appropriate when 
the concentrations are very weak, because all isothermal curves are 
practically straight in cases of low concentration. That is the 
case with hydrocarbons the solubility of which is rather low in 
aqueous solutions. 

On the other hand, the analysis of curves representing the 
variation of the coverage as a function of adsorption time makes 
it easier to reveal and differentiate the various adsorption 
mechanisms involved, even for low concentrations. That is because 
the curve submitted to analysis always shows a well marked curvature, 
which facilitates identification by theoretical kinetic functions. 
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I n  connection w i t h  t he i r  research i n  adsorption k ine t i c s ,  
some authors  have a l s o  r e so r t ed  t o  the  ana lys i s  of t h e  coverage 
development curves  as a funct ion t i m e .  However, i n  a l l  cases  the  
standard procedures are character ized by the f a c t  t h a t  t he  

e l ec t rode  is  po la r i zed  during the  adsorpt ion phaPe and that  t h e  
coulometric measurement of the coverage t akes  place i n  the  medium 
containing t h e  adsorbable substances.  As for t h i s  l a s t  point ,  i t  
can be admitted that  t h e  degree of e r r o r  committed i s  small s ince 
t h e  durat ion of t h e  phase during which the  coulometric measurement 
i s  e f fec t ed  i s  a very s h o r t  par t  of the durat ion of the adsorption 
phase. But on the o t h e r  hand, t h e  presence of a f a r a d i c  cu r ren t  
causes more s e r i o u s  t roub le .  In f a c t ,  under these  circumstances 
t h e  t o t a l  adsorpt ion k i n e t i c ,  t h a t  is t o  say the  development of 
t h e  e l ec t rode  coverage, depends not only on the c h a r a c t e r i s t i c  
cons t an t s  of the elementary processes of adsorption and desorption, 
but also on the cons t an t s  c h a r a c t e r i s t i c  of the charge t r a n s f e r .  
I n  f a c t  : 

i n  which 
- :: i s  t h e  cove rage -ve loc i ty  of t h e  electrode, 

t 3 and V are,  respect ively,  the adsorption and desorpt ion 
v e l o c i t i e s ,  and 

i s  the f a r a d i c  term. i 
np 
- 

The r e s u l t  is tha t  the experimental curves c h a r a c t e r i s t i c  
of t h e  v a r i a t i o n  of t h e  coverage a s  a funct ion of the adsorption 
t i m e ,  obtained by these methods, depends on the value of the 
o v e r a l l  charge t r a n s f e r  terms which i n  t u r n  depend on the  
overvoltage appl ied.  Thus, the d i f f e rences  observed between t h e  
curves taken a t  more than one adsorption p o t e n t i a l  a r e  d i f f i c u l t  
t o  exp lo i t .  
never  a neg l igeab le  one, is accompanied by t h e  formation of va r ious  
r eac t ion  products t h e  adsorpt ion of which QI? the e l ec t rode  Lid the 

Moreover, t he  passage of a f a r a d i c  current ,  which 1.5 

chemical r e a c t i v i t y  of which w i t h  t he  adsorbate may change 
considerably the  adso rp t ion  k i n e t i c s  under study. 
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A second disadvantage is linked with the fact that in 
the method generally used the kinetics of mass transfer actions 
and in particular of diffusion cannot always be considered rapid 
in relation to the phenomena under study. Therefore, the analysis 
of the curves representing the adsorption imply the consideration 
of a term characteristic of the diffusion processes and the 
neCeSSity of a correction which it is usually difficult, if not 
impossible, to make. 

111. B A S I C  EQUATION FOR THE ANALYSIS OF ADSORPTION KINETICS. 

In heterogeneous catalysis, it is often found that the 
kinetics of adsorption obeys a law which can be 
formula. : 

expressed by the 

in which Vo is the initial adsorption velocity 

Most authors explain that this formula, 
equation D, is obtained by a linear variation 

for 9 = 0 ) .  

called the Elov.ich 
of the adsorption 

activation energy with the coverage. More than one hypothesis 
has been offered as to the origin of this variation of activation 
energy. Systems have been suggested implying heterogeneity of 
active sites wlthdut interaction between adsorbed molecules 
or homogeneity of sites with interaction between the molecules of 
the adsorbate m. 
serves as a coefficient of interaction. More recently, a concept 
has been suggested which implies the creation of energy chains 
on the surface of the solid. 

In this latter case, parameter a of equation (2) 

Similar considerations have also been adopted to measure 
adsorption In an electrolytic medium and have led to various 
isothermal expressions --. However, in some cases, although 
the kinetics observed has the Elovich form, it is unlikely that a 
pronounced heterogeneity of the sites or interactions in the 
adsorbate should be expected. We therefore considered it wise to 
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see if other processes of reasoning, not presupposing a 
relationship between the adsorption activation energy and the 
coverage, would result in obtaining functions of the same form. 

Let us consider first the case of non-dissociative 
adsorption of a compound on a surface so homogeneous that the 
reaction surface is the same as the apparent surface. 

The general equation for the kinetics of adsorption is : 

( 3 )  

in which: 

k ,T ,,h and R have their usual meanings, 
C is the partial pressure of the active substance, 

adsorption and desorption. 
and W and W' are respectively the activation energies of 

For low coverages, it is possible to disregard the 
desorption term 
We then have : 

9 e x p ( -  m). W' 

The term (1-0) for 9 << 1,' can be identified at the start of the . 

is equivalent under these circumstances to : 
development in series of (exp - e ) ,  which means that equation (4) b 

/ 
Consequently, we see in this case that the kinetics observed can 
be described by a law or formula analagous to equation (2), the 
term a then being equal to 1. 

i 

i When, for a reaction of the same type, the reacting 
surface is composed of two fractions Xo and Yo characterized by 
sites having different activation energies W, and W2, we can 
write expressions analagous to equation (4) for Xo and Yo. 

li 
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Assuming : 

I 
! 

i 

w e  ob ta in  by means of a development i n  l i m i t e d  series a fonc t ion  
de - = f ( t )  of t h e  form : d t  

2 = mx0 + nYo - t ( X o m  2 + Yon 2 

kT *1 
E) m = - C exp(- 

w2 n = c exp(- - ) 
h with: 

RT and 

dB Equation(2)expressed i n  the form = f ( t )  leads,  w i t h  
t he  s m e  approximations, t o  : 

(7) de 2 - =  Vo - Vo a t  d t  

Equation (6)  can the re fo re  be i d e n t i f i e d  w i t h  equat ion (7); 
i n  which the  term a has t h e  following value : 

Simi lar  treatment ca r r i ed  out f o r  a sur face  which can be decomposed 
I n t o  n f r a c t i o n s  also gives  us,  f o r  = f ( t ) ,  a formula which 
can be i d e n t i f i e d  w i t h  equation ( 7 ) .  

dB 

It is easy t o  show t h a t  when (W2-W1) < 50 cal . ,  a tends 
toward 1, and the system a c t s  s u b s t a n t i a l l y  the  same as i n  the 
case of a homogeneous sur face .  
sur face  Yo can be considered inac t ive  and i n  t h a t  case 
t o  t h a t  is t o  say t o  t h e  r a t l o  of t h e  apparent sur face  t o  t h e  
a c t i v e  surface.  

On t h e  o the r  hand, when (W2-W1)>200cal 
a is equal 

1 
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Let us now consider the case of a dissociative adsorption 
produced on a surface the active fraction of which is Xo. 
The kinetics of the reaction : 

in which S is the number of sites occupied after adsorption of 
an AB molecule, can be written neglecting desorption : 

e or else, when x <<1 : 
0 

S This expression can be identified with equation (2) with a = -. 
X O  

It is readily seen that many adsorption reactions have 
kinetics similar to that of Elovich without any phenomena of 
variation of adsorption activation energy being involved. 

It is therefore absolutely necessary to take dissociation 
parameters and surface factors into account in order to evaluate 
the terms of any Intermolecular interaction which may exist. 

Equation (9) expresses effects of surface activity and of 
diesociation. It can be filled out to allow for a possible variatiol 
of adsorption activation energy. In that way we have a very general 
equation of the form /17 : 

in which a represents the interaction coefficient and Wo is the 
initial adsorption activation energy. 

I 
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The relationship must now be established between the 
experimental value q and the electrode coverage 8. 0 is defined 
here as the proportion of the number of sites occupied by the 
adsorbed substances to the total number So of sites existing on 
the su.rface of the electrode. If S is the number of sites occupied 
after the adsorption of one hydrocarbon molecule (an adsorption 
which may have created other adsorbed particles by dissociation) 
and Z the number of electrons exchanged in the oxidation of the 
adsorbed molecule and its products of dissociation the relation 
between q and 8 is written : 

N S  e = q -  Z F  S o  

in which N is the Avogadro number and F the Faraday. 

The quantity q is determined in such a way that it is 
exclusively a function of the oxidation or of the reduction of 
the adsorbate. Corrections should be made to eliminate any effects 
of double layer or of electrochemical transformation of the surface. 

Combining equations (9) and (lo), we obtain : 

(12) 
wO N S  S+R exp(- -1 - q - ( Z F  ‘0 

N S  
kT 

0 
RTJ Z F  So Ln 3 = L”L c X, 

Plotting the 2 = f(q) function in a semi-logarithmic form 
gives us a straight line the ordinate of which at point of origin Lo 

and the slope Po are expressed, respectively, as follows : 
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Oenerallg speaking, four parameters are unknown : Xo, S, 
When parameters Xo and 9 are constant within a given Wo and a. 

temperature range, an examination of the variation of Lo as a 
function of T enables US to know the value of Wo. 

Knowledge of an additional faotor is then necessary In 
order to determine the other parameters on the basis of equations (13) 
and (14). 
the parameter S. Measurements of the double layer differential 
capacity generally enable us to obtain information on these 
parmeters. As regards S, it is possible to relate the double layer 
eapacity cd to e L9/ in the following w a g  : 

This additional factor may be relative to Xo or to 

cd = ce + c'(1-0) 

in whlah C and C' are the specific capacities of the surface whether 
covered or not. 
additional factor of relationship W c h  was sought between Cd, q 
and S. 

(15) 

Continuing equations (11) and (15) we obtain the 

Ye find therefore that it I s  possible in this way to 
detdrrine the eharacterl8tic values of an adsorption kinetic by 
~%80rting to only a mrinirrta or msurptions. 

This rerearah was carried out on five alkanes (a4, c96, 
Cp8, n-C4Hl0 and i ~ o - C , & ~ ) ,  three alkenes (C,p4, c& and 
a-C&) and on aoetylane. The temperatures for the tests were 

by a nomal solution or sulphuric acid or phosphoric acid. 
eleotrodc was a polished platinum plate. Before each phase of 
adsorption, this electrode was subjected to an electrochemical 
treatment the purpose of which was to ensure perfect 
reproductibility of the surface condition ef the metal. 

fixed at 80% and 90.C; The electrolyte medium was constituted I 
/ The 

i 
/ 
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For each hydrocarbon under the conditions stated above, 
we obtained the q=f(t) curves representing, according to the 
adsorption time t the quantity of electricity corresponding to 
the oxidation of the adsorbed substances. 

The functions Ln dq/dt = f(q) were plotted on the basis 
of the q=f(t) curves. Some interesting features of regularity 
appeared in this form of expression. By way of example, the 
curves obtained from the tests made in H2S0,+ N at 80°C are shown 
in figure 1. 

Exploitation of these curves and of the differential capacity 
measurements enable us to determine the constants characteristic of 
the adsorption kinetics involved. Moreover, the special behavior 
of methane enabled us to make a separate calculation of these 
parameters. In fact, the stability of the methane molecule entails 
identical dehydrogenation at 80"c and at 90°C, which is confirmed 
by the identical slopes of the Ln dq/dt = f(q) curves plotted at 
both of these temperatures. 
in the case of CH4 and it is possible to compute its value from 
the ratio of the initial adsorption velocities. 

o(90" )  
Wo(800) is therefore equal to W 

The values of the parameters thus determined are shown In 
tables I, I1 and 111. 

V. DISCUSSION. 

An examination of the results enables us to formulate a 
number of remarks concerning the reaction mechanism involved in 
the course of the deposit of hydrocarbons on platinum. 

It can be noted that in all the cases studied, with the 
exception of isobutane, the number of sites occupied by the products 
resulting from the adsorption of a molecule is equal to the number 
of carbon atoms contained in the molecule plus two. It can be 
assumed that the adsorption is dissociative and causes a break of 
C-H bonds in such a way that two hydrogen atoms are released, which 
occupy two sites. The carbon radical resulting from this dissociation 
is deposited on a number of sites equal to the number of carbon 
atoms which it contains. 
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This preferential dissociation involving the C-H bonds has 
already been suggested by various authors. 

In the case of the alkanes and the ethylenes, as in the 
case of acetylene, the dehydrogenation probably occurs in the end 
groups of the chain. This assumption is also supported by the fact 
that the deposit of one molecule of isobutane results in the 
occupation of 7 sites. In fact, the presence in the molecule of 
this reactive agent of an extra methyl group appears to cause the 
break up of a third C-H bond. 

This rate of site occupation does not necessarily indicate 
that each occupied site comprises a link with an adsorbed particle. 
Our examination of the very slight variation of Wo 
of the number of carbon atoms contained in the molecules of 
hydrocarbons of the same series suggests rather that the number of 
bondings between the products of dissociation and the platinum 
remains constant. These bondlngs take place both between the 
platinum and the dehydrogenated end groups and between the platinum 
and the hydrogen atoms resulting from that dissociation. The other 
sites occupied are not linked but simply covered by the middle part 
of the chain. 

as a function 

It is worthy of note that the values found for S agree 
with the +heoretical expectations and are different from those 
heretofore determined by chemical methods /1T7. 

In the final analysis, we are inclined to suggest a reaction 
system which includes as the final stage of the reaction occurring 
at zero current the formation of both adsorbed H and a C H radical X Y  
comprising bondings with the platinum. However, it must be pointed 
out that if this radical reacts with its environment (0 o r  OH 
compounds, for example), the number of sites occupied may then be 
the same as for the C H radical alone. The suggested system X Y  
therefore constitutes only one of the possible solutions for a 
given number of sites. 
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It should also be stressed that, under the assumption of 
adsorption accompanied by chemical reactions leading to partial 
oxidation of the C H radical, the coulometric measurement will not 
depend at all on the state of oxidation. In fact, if the anodic 
pulse causes the formation of C02 and H20, the number of coulombs 
will always be the same regardless of the state of oxidation of 
the substance adsorbed to the extent that this oxidation can 
only involved the oxygen derived from the water or anions of the 
acid. 

X Y  

A number of observations can also be made in regard to the 
values found for the coefficient a. Actually, for a given medium 
and temperature, this coefficient increases as a function of the 
length of the molecule adsorbed. Moreover, a is subject to a 
decided increase when, in the case of molecules having the same 
number of carbon atoms, the number of radicals undergoing a 
breakage of bond increases. This would seem to indicate that the. 
greater the separation of the end groups the smaller will be the 
intramolecular interactions and the larger the term a when measured. 

Coefficient d is usually lower for an ethylene hydrocarbon 
than for a saturated hydrocarbon, with the same number of carbon 
atoms and an identical degree of dissociation. It is also observed 
that acetylene shows a very high interaction coefficient. This 
probably has to do with the fact that the dehydrogenation of this 
compound produces a highly reactive carbon containing residue 
which may react on the environmental medium. 

\ 

Attention should be called to the fact, however, that even 
with the highest values of the interaction coefficient a, the 
variations of the adsorption activation energy W as a function of 
the coverage remain comparatively low. In fact, in the case of 
isobutane, a reactive agent which involves the strongest interaction, 
the variation of W is about 620 cal/mole while the coverage increases 
from 0 to 0.1 (which was the case in our experiments). 

\ 

1 
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As regards the effect of the nature of the electrolyte on 
the value of coefficient a, the results obtained indicate a decided 
variation of this parameter according to whether the medium is 
sulphuric or phosphoric acid. This interaction coefficient is 
therefore not only  linked with forces of attraction or repulsion 
between adsorbed molecules but also with the action of the ions of 
the electrolyte. It is probable that the effect of the anions is 
dominant, which would be in full agreement with the specific 
adsorption of H PO4 ions brought out in other articles on the 
subject / r d  
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TABLE I 

fHydrooarbon z S Wo cal/mole i a 

11 8 ' I  . 2, i  : 22 500 
Os94 

c$8 20 4 ~ 7  i 23 200 3# 80 

CH4 : .' C& i 14 : 3s9 : 23  300 
: 
: 

: 

: : 
: : 

x n.C4Hlo : 26 : 5,6 : 22 900 5.59 

I : is0.C4Hl0 : 26 : 6,6 : 23 200 a s 8 5  

' : n . C p 8  24 i 5,7 i 4#22 

: 1 2  : 3,8 : 22 300 1 s 3 4  
t : 18 : 4,7 : 21 700 3i3a 

C g 2 .  10 i 3#9 i 22 400 5,81 : 
: 
: 

' i n  HpS04 at 80.c 

TABLE I1 

Hydrooarbon z s i W, cal/mole i a : 
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TABLEAU I11 

. .  .. .. a Hydrocarbon : z : S i W, cal/mole i 

i 1 2  : 3,6 : 21 500 5,6 
c-3H6 18 i 4,6 21 000 12,l 

: 
: 

i n  H3PO4 at  80°c . 

I 

\ 
'I 
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- 6  

- 7  

- 8  
1 0 0 .  2 0 0  300 

FIGURE 1 Plots of loglo dq/dt versus q in H2.W4 N medium t ' 
at 80°C f o r  r 

1- CH4; 2-C2H6; 3-C3H8; 4- n.C4H10; 5-is0-C~H~~; t 
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STLlM OF EIECTROCIIWCAL PROCESSES BY THE 
ROTAT= DaTBLF RING ELPC!L'RODE 

w. Viclrtich 

During the last decade it has been proven that the 
rotatine disc electrode is a very useful tool f o r  stationary 
investigations of electrode processes and preceding 
or foll.o:vine chemical reactions. The occurance of 
intermediate products has been successfully studied by 
a disc electrode with an additional concentric ring. 

?or  the investigation of particlec with a very short 
lifetime the do1:ble ring electrode, sagqested by 
Heusler and Zchurig, should be of special adventage. ',;e 
have solved the hydrodynamic problem for the double ring 
electrode by a numerical calculation. 

The experimental device is suited for measurements ' p  to 
400 r p s .  

Experimentel results will be prtsented f o r  the foliowing 
systems : 
a) iron (111) - iron (11) - siilfste/I12S04 (to check the 

calculation), 
b) carbonaonoxide/fornate in alitaiinc solution, 
c ) r. e t hP no 1 /f o m a l  d e hy d e in 1: OH- E. 1 e c t r 0 1:: t e.  

\ 
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SOLUBILITY OF GASEXIUS HYDROCARBONS IN AQUEoUs SOLUTIONS: INITIAL. 

MFCMHEH FOR PROPANE ADSORPTION ON PLATIHUM 

Dorothy D. Williams, John A. Christopulos, and Gabriel J. DiMas i  

Power Sources Mvlsion, Electronic Components Laboratory 
UsAEc(3H, Fort Mornnouth, New Jersey 

E h r l y  methods for t h e  detelmination f gaseoue hydrocarbon solubi l i ty  in aqueous 
Basically, the s t a t i c  technique in- solution were basad on s t a t i c  

volvea bringing together an excess volume of gas and a measured quantity of gas-free 
advent in an equillbrium ce l l ,  which is rocked for several houre t o  a t t a i n  gas- 
solution e i l l b r i m .  
te-quea? however, appears t o  lack precision becomes unwieldy. Therefore 

inert &ae-stripping techniques t o  isolated samples of gaseous hydrocarbon-saturated 
solutions. Collection of t h e  e t r i  ped gaeeous hydrocarbons was =de on various 
adsorbents at reduced temperature f - 8 0 . ~ ) .  The hydrocarbons subsequent release 
was effected by mising t h e  tempedxre  allowing the sample t o  be swept into a 
gbs-llquld chrmPstogmph (GLC). 
Linnebau was found sat isfactory for measurement of t race quantities of gas 
diesolved In solution, however, a desirable gas-saturation chamber vas lacking. 
Thua it y a ~  necessary t o  develop a new dynamic method for gas-saturating aqueow 
solutioas ( e l e c t m m e s )  which simulates gae-saturation as it exis ts  in f i e 1  cel ls .  
The tachnique described herein is being used t o  detennine so lubi l i t i es  of gaseous 
hyamcarbons (propane) in the  following f u e l  c e l l  electrolytes: perchloric, 
sulfuric, phosphoric, and tr if luoroacetic acids a t  1 molar concentrations. 
Solubi l i t iee  of prapsnc in these electrolytes w e r e  used in conjunction wlth propane 
sdeorption m t e  data obtained through l inear  anodic sweeps6 t o  elucidate the 
mechanism of i n i t i a l  propane adsorption on smooth platinum. 

Subeequent removal of t h e  dissolved gas by manometric 

nethode for hydrocarbon solubi l i ty  determinations 9% w e r e  developed which applied 

This GLC technique as developed by Swinnerton and 

A H e w l e t t - p a c b a r d  Model 5750 gaa chramatogmph equipped with dual flame 
ionization and t h e m  conductivity detectors was used. A s i x  foot column packed 
with Chromaorb W coated with dilsodecyl phthalate was used for the  analysis and 

v helium wan auployed ae carrier gc18. 
was obtained irap p h l l l l p e  Petroleum C-ny. 
of electrolyte and subsequent collection of dissolved propane is shown in Fig. 1. 

Propane is firet humldlfied by passing through a glass-jacketed scrubber (A )  
The hmldified 

Research &e propane (99.9 mole percent) 
The apparstus for propme saturetion 

havingthe scrmc electrolyte and temperature as the  t e s t  solution. r 150 ml) .  The gbe t r a i n  c o n t i m e  through l i n e  D and 3-way valves 1 and 2 t o  a 
ldr ml jacket& saturation-stripping chamber ( E )  containing 84 mle of electrolyte. 
Thus, a voluw corresponding t o  20 ml is reserved for propane during t rans i t .  All 
gbs ilov mtes are meaeured and adjusted w i n g  a bubble f l o w  meter. 
exits fmpl this chamber via 3-way valve 3 and 2-vay valve 4 into a waste trap. 
The propane saturation process requires 30 minutes at a f low rate of 2.5 cc per 
second. 
vessel B t o  flow into the  saturation-stripping chamber ( E )  via l i n e  C u n t i l  it 
becares filled. 
s i m u l t a n c ~ l y ,  t o  s e d  t h e  saturation-stripping chamber. 
of projazie ‘uiijriidified hell-m is p s ~  tin- i i n e  C and valves 3 and 4 before 
sample collection begins. 

bubbles through a jacketed vessel ( B )  effecting saturation of the  electrolyte 

Excess propane 
’ 

Then 3-way valve 1 is turned t o  allow propane saturated electrolyte fran 

As soon 8s t h i s  is accomplished, 3-way valves 2 and 3 are closed 
To purge outer l ine  F 

Thirty minutes of helium purge is required t o  clear 

I 

! 

I 
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l h m  F Of propane. To col lect  t h e  sample 2-way valves 4 and 5, 3-way valves 2 and 
3 and 2-Way valve 6 are turned t o  a l l o w  humidified helium t o  s t r i p  t i e  dissolved 
Propane fnm t h e  lob m l  chamber (E), the  gas flow through l i n e  F, valve 5, drying 
tubes of magmsirrm perchlorate, and valve 6 into a closed t e s t  tube containing 5 mls 
Of pvifitd toluene mintained at -80%. 
30 mlnutee. 
b w t  t o  roam temperature. 

Saturation run, 3-wsy a v e  2, and 2-way valve 7 are turned t o  allow the electrolyte- 
filled chamber (E) t o  w i n  t o  s ta r t ing  level of 84 ml .  

Stripping and collection of propane requires 
The test tube of toluene is then removed fm t h e  gas t r a i n ,  capped, and 

A 10 microli ter aliquot sample is removed and injected 
hypoacrmlc syringe into the  --liquid chromatograph. Before t h e  next propane 

I 

1 
1 

i 

'phe H e v & t t - F a c k a r d  gas chrcxmtograph Model v 5 O  used in t h i s  work is equipped 
w i t h  a Nosley Recorder and a DISC Integrator Model 229 t o  record and integrate peak 
area. Propane retention t i m e  is 0.4 minutes at  a co~umn temperature of 89% and a 
hellum carrier gas flaw rate of 20 cc per min. 
rirmte. TO cdUbrate the  grae chramtogmph 20 microli ter o f  pure propane gas was 
inJected wing a Barnilton --tight syringe. The number of integrator counts was 
rCcoldcd and used as a standard. 
is directly proportional t o  the area-volume ra t io  of the  sample the quantity of 
propme i n  the Bample was calculated. 

The chart speed was one inch per 

Since the r a t i o  of area t o  volume f o r  the standard 

The technique6 employed t o  obtain data on the  late of propane adsorption at a 
lpooth platinum electrode was a modified version of the multipulse potentio-dynamic 
(13pp) sequence with a l inear  anodic sweep (JAW) of 10 volts per second. 
a l lawe  mcaeur~ment of charge required t o  completely s t r i p  me propane adsorbed a t  the 
rfady potential at varioue t h e e .  
the MPP sequence in presence, f i r s t  of helium and then propene. 
wltb helium, C&, is subtracted fmm that in t h e  presence of propane, "p, t o  obtain 
t h e  daairpd charge difference AQ. 
ident ical  for both 

This sequence 

This is accomplished by subjecting t h e  anode t o  
The charge obtained 

'Phe duration of the study potential  s tep  was 
and ep *urpments. 

I n  these experiments t h e  molarity of the acid vas coneidered constant. 
t h i s  basis a series of results relat ing the mole fraction of dissolved propane t o  
temperature are shown (Fig. 2). 
appmJtimately the same solubi l i ty  within the  conditions of the experiment; thus, 
indicating that in t h i s  example ionic concentrations do not substantially interfere 
with the solubi l i ty  of p r o m e .  
tbat the quantity of dissolved gas does not vary with temperature between 200 and 

Using 

Both 0.5 and 1.0 molar sulfuric acid solutions have 

Another interest ing f ea tu re  concerningthis acid is 

6sOC. 

A o v e v e r ,  i n  exsmining the  solubi l i ty  data for the  other ac ids  one finds a 
slmllarl ty between the phenanena displayed in water as a function of temperature and 
that in perchloric, tr if luoroscetic,  and phosphoric acids. 
that at 65% the  solubi l i ty  of propane i n  all the acids and in  water is the  same 
quantity within the precision of the  experiments. 
in the  quantity of dissolved &as was observed. For example, at 4OoC an appreciable 
dif'ference hae been measured. 
Quantity i n  water while the amount in the acid solutions has some dependence on the 
character of the  acid. 
in which a nrurimum propane solubi l i ty  is observed. 
all the acid8 dried with the exception of sulf'uric. 
sesocisted with sulf'uric acid may account for t h i s  invariant behavior for propane 
solubi l i ty  a t  these tempemtws. 

In these data one finds 

A t  lover temperatures a difference 

At'2oOC t h e  propane gas is now adsorbed i n  the largest 

Figure 2 also illustrates the ananalous behavior7 of water 
Similar behavlor is displayed i n  

The degree of hydration 
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The solubility data once obtained can be used in maklng certain statements 

If semi-infinite linear diffusion is assumed, the 
concerning the initial pmcess of pmwe adsorption on a Bmooth platinum surface 
mcylurcd by linear (ulodlc sweep. 
rate of accumulation of charge is e v e n  by8 

!he e*ole lmvt their u s d  significance. Although it has been previously showng 
that the  overall oxidation of propane t o  carbon dioxide and water involves 20 elec 
it hss been determined that using la8 techniques n should be equal t o  17 electrons 
aince three hydmgen atam are lost upon adsorption at potentials equal t o  or  greater 
than 0.3 volts. 
we ay calcuLate f r a n t h e  lineag portions ff F i g s .  3 and 4 the  diffueivity of ropaae 
in qrcmric acid tld o . l ~ ( l 0 -  ~ m 2  sec- 
sec- . These calculations are in agreement with the approximate inverse relationship 
of diffusivi ty  and viscosity. In Fig. 5 one can see that the viscosity of perchloric 
is less that that of suvUric acid. 

IFne* 
Themfore, using the  ma~ured values of propane dissolved in solution 

i n  sulfuric acid as o . ~ ( l &  

Another interesting phenauenon which seen16 evident is the  change i n  slope (Fig. 4) 
M a function of potential in perchloric acid. 
at timas of one second and are in contrsst with the diffusion-limited process portrayed 
in s-c acid (Fig. 3) M a f’unction of potentid.  In  sulfuric acid the i n i t i a l  
adsorption is diffusion-controlled for appmxinmtely 60 seconds at 0.2 and 0.3 volts 
while daviations ftam l inear i ty  occur after 8 second6 at 0.4 volts. These times arc 
in gene- agreement with observations of Brume&o in concentmted phosphoric acid. 

Further consideration of the  dsta at anodic potentials of 0.3 and 0.4 volts is 
shown In Hg. 6 .  
can be described by 

These apparent deviations are observed 

Here, In t h e  perchloric acid anion enyirollplcnt propane adsorption 

Q = A  + Blogt 

in whlch gcharge per a?, tntlme, and A am3 B are paremeters which depend on t h e  
type of adeorption occurring. This relationship continues u n t i l  a time iwariant 
condition is achieved on the platinum surface. 
the  tvo scids has already been found not t o  be a function of t he  propsne concentration, 
other p8sibI.e erplamtions are considered. 

oxygen the electrochemleal folrmatian of ”0” type species from the electrolyte may 
pmced vla the mechaalsm 

Since t h i s  difference in behavior in 

It ha8 already been postulatedu that at potentiale less anodic than reversible 

This type of rsaction, of course, will proceed at an electrode surface at  
which the leset speclfic anion sdeorption OCCCUIII. Since, perchloric acid anions are 
less &orbed than suliate t h e  rate of fomution of the  partidly oxigenated species 
on platimam will proceed at a M e r  late due t o  t h e  concentlation of H20 at the 
interibce. 
presented by acme of the  authors.’ H e r e  it WEUS shown that the total propane adsorbate 

Evldence of decrcssed.perchloric anion adsorptim hae alresdy been 

1 
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va8 greater in perchloric acid indicating it has a lesser  degree of anion coveraCje. 
Since reaction (1) then occurs it is possible t h a t  at 0.3 volts in  very short times 
sane of the  adsorb& species may undergo t h i s  mechanism 

(3) ' C3H7-B + "Pt(OH),, - C$l7C-OH (slm) 

(4) 2Pt + C& C-OH - Pt C-OH + Pt QHS + 2H+ + 2e- 

Similar type m e c h a n l ~ m a ~ ' ~ ~  have been suggested, but 
Occurriw is nude more evident by t h e  work of Hunger." This postulated mechanism 
danonstlatee a curious position. 
canpetition of anions for act ive sites decresaes,-hence the degree of partial owgen- 
at ion O f  platinum increa6es. With t h i s  condition, 0-type hydrocarbon speciee are 
formcd and the  carbon-carbon bonds are more easily broken. 
available sites decreaaes and t h e  rate of fur ther  deposition becomes adsorption- 
contml&xl at these l o w  anodic patent1a.h. I n  contrast, t he  diffusion controlled 
occhanitnn in sulfuric acid may indicate the  lack of surfsce reactions and subsequent 
increase in surface coverage due t o  the  f o m t i o n  of free radicals and oxygenated 
species or iglmting fmm p 
the  adsorption of m e t h a n o l ~ ~  mially oxygenated caupound, also fol low an 
adsorption isotherm. 

he possibil i ty of reaction (1) 

For in perchloric acid as compared t o  sulfur ic  the 

Therefore, t h e  amount of 

e at the potentials studied. Interestingly enough, 

The solubi l i ty  of propane s n  t o  be about the  same in the  electrolytes 
studied. 
conditions at the platinum anode. 
sld the mte of partial oxidation of the  platinum surface seem t o  be interrelated 
factore which dlctate the i n i t i a l  mechaniem of propane adsorption. 

Thus, the  initial mte of propane adeorption is influenced by Burface 
The tendency of the  anion t o  specif ical ly  &orb 
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ABSTRACT 

The chemical energy of c o a l  can be  d i r e c t l y  converted i n t o  

These f u e l  c e l l s  e l e c t r i c a l  energy by s o l i d - e l e c t r o l y t e  f u e l  cells. 

operate  a t  about 1000°C and use a doped-zirconia s o l i d  e l e c t r o l y t e .  

A thin-f i lm,  s o l i d - e l e c t r o l y t e  c e l l  has  been f a b r i c a t e d  by success ive ly  

applying: 1 )  a porous f u e l  e lec t rode ;  2)  a dense, continuous y t t r i a  

doped z i rconia  electrolyte; and 3) a porous a i r  e lec t rode  l a y e r  on a 

porous ceramic tube 1 . 3  c m  i n  diameter and 5 c m  long. Each of these  

t h r e e  l a y e r s  was less than 30 p th ick .  The e l e c t r o l y t e  w a s  produced 

by chemical vapor depos i t ion  and t h e  e l e c t r o d e s  by s i n t e r i n g  processes .  

The c y l i n d r i c a l  c e l l  was t e s t e d  with H (2, 3% H 0) f u e l  gas  
2 2 

The open c i r c u i t  vo l tage  of the  c e l l  i n s i d e  and a i r  o u t s i d e  the  tube. 

was 1.06 v o l t  -- with in  2% of the  t h e o r e t i c a l  value. 

vol tage w a s  0.73 v o l t  a t  517 milliamperes/cm . 
checked c lose ly  those ca lcu la ted  from t h e  r e s i s t i v i t y  and th ickness  of 

the e l e c t r o l y t e  and t h e  r e s i s t a n c e  of t h e  e lec t rodes .  The p o l a r i z a t i o n  

l o s s e s  were less than 0.10 v o l t  f o r  t h e  porous cobal t -z i rconia  f u e l  

e lec t rode  and a 0.20 v o l t  f o r  the  a i r  e lec t rode .  

of t h e  c e l l  thus exceeds t h a t  pro jec ted  f o r  a n  i n i t i a l  100-kilowatt 

coal-burning f u e l - c e l l  power p l a n t ,  f u r t h e r  work is required t o  improve 

the a i r  e lec t rode  and t o  in te rconnec t  such thin-film c e l l s  i n  a b a t t e r y .  

The opera t ing  
2 The r e s i s t i v e  l o s s e s  

While the  performance 

Work sponsored by the  Off ice  of Coal Research, U. S. Department of t h e  
I n t e r i o r  -- N .  P .  Cochran and P .  H. Towson, Contract  Monitors. 
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ABSTRACT 

The chemical energy of c o a l  can be d i r e c t l y  converted i n t o  e lec t r ica l  
energy by s o l i d - e l e c t r o l y t e  f u e l  cells. 
and use a doped z i r c o n i a  s o l i d  e l e c t r o l y t e .  
has  been f a b r i c a t e d  by success ive ly  applying:  1 )  a porous f u e l  e l e c t r o d e ;  2)  a 
dense,  continuous y t t r i a  doped z i r con ia  e l e c t r o l y t e ;  and 3) a porous a i r  elec- 
t rode  l a y e r  on a porous ceramic tube 1.3 c m  i n  diameter and 5 c m  long. Each of 
t h e s e  t h r e e  l a y e r s  w a s  less than  30p t h i ck .  The e l e c t r o l y t e  w a s  produced by 
chemical vapor d e p o s i t i o n  and t h e  e l e c t r o d e s  by s i n t e r i n g  processes .  

These f u e l  cells ope ra t e  a t  about 1000°C 
A th in- f i lm,  s o l i d - e l e c t r o l y t e  ce l l  

The c y l i n d r i c a l  c e l l  was t e s t e d  w i t h  H2(-3% H20) f u e l  gas  i n s i d e  and 
a i r  ou t s ide  t h e  tube.  The open c i r c u i t  v o l t a g e  of t h e  cel l  w a s  1.06 v o l t  -- 
wi th in  2% of t h e  t h e o r e t i c a l  va lue .  The ope ra t ing  vo l t age  w a s  0.73 v o l t  a t  517 
milliamperes/cm2. 
r e s i s t i v i t y  and th i ckness  of t h e  e l e c t r o l y t e  and t h e  r e s i s t a n c e  of t h e  e l ec t rodes .  
The p o l a r i z a t i o n  l o s s e s  were less than  0.10 vo l t  f o r  t h e  porous cobal t -z i rconia  
f u e l  e l e c t r o d e  and a 0.20 v o l t  f o r  t h e  a i r  e l e c t r o d e .  While t h e  performance of 
t h e  c e l l  exceeds t h a t  p ro j ec t ed  f o r  an i n i t i a l  100-kilowatt  coal-burning fue l -  
c e l l  power p l a n t ,  f u r t h e r  work is requ i r ed  t o  improve t h e  a i r  e l e c t r o d e  and t o  
in te rconnec t  such th in- f i lm cel ls  i n  a b a t t e r y .  

The resistive l o s s e s  checked c l o s e l y  those  c a l c u l a t e d  from t h e  

INTRODUCTION 

Electrical  energy can be generated us ing  c o a l  as a f u e l  by d i r e c t  
e lec t rochemica l  conversion us ing  s o l i d  e l e c t r o l y t e  f u e l  c e l l s .  ( l )  A s o l i d  elec- 
t r o l y t e  f u e l  ce l l  can  b e  v i s u a l i z e d  as shown i n  F igure  1. The oxyg'en r e c e i v e s  
e l e c t r o n s  a t  t h e  a i r  e l e c t r o d e  (cathode) ,  mig ra t e s  through t h e  e l e c t r o l y t e  as an 
ion  and t r a n s f e r s  t h e  e l e c t r o n s  a t  t h e  f u e l  e l e c t r o d e  (anode) r e a c t i n g  wi th  t h e  
f u e l  gas  t o  form H20 and C02. The e l e c t r o l y t e  is  a y t t r i a  doped z i r c o n i a  which 
has  an oxygen ion  t r a n s f e r  number very  c l o s e  t o  one. The e l e c t r o d e s  are e i t h e r  
metall ic o r  c o n s i s t  of e l e c t r o n i c a l l y  conducting oxides .  This  f u e l  c e l l  ope ra t e s  
a t  temperatures n e a r  1000°C where t h e  oxygen i o n s  are mobile. A f l u i d i z e d  c o a l  
bed, r ece iv ing  h e a t  from the  f u e l  cells ,  g a s i f i e s  t h e  c o a l  and gene ra t e s  t h e  f u e l  
f o r  t he  cells .  S ince  t h e  goa l  of t h i s  work is c e n t r a l  s t a t i o n  power, t h e  f u e l  
c e l l  power p l a n t  h a s  t o  compete wi th  convent iona l  power genera t ing  p l a n t s .  This  
means t h a t  t h e  s o l i d  e l e c t r o l y t e  f u e l  cells  have t o  b e  f a b r i c a t e d  us ing  low c o s t  
product ion techniques and t h a t  t he  c o s t s  of expensive materials 
doping of t h e  e l e c t r o l y t e )  have t o  be  minimized. 

( i . e .  t h e  y t t r i a  
The th in - f i lm  f u e l  c e l l  

Work sponsored by t h e  O f f i c e  of Coal Research, U.S. Department o f ' t h e  I n t e r i o r  -- 
N. P. Cochran and P. H. Towson, Contract  Monitors.  



r ep resen t s  an  important  s t e p  toward this goal .  
cel ls  complex ceramic machining and assembling techniques (2) are rep laced  by 
a less expensive f i l m  d e p o s i t i o n  proces's. The r educ t ion  of e l e c t r o l y t e  th ickness  
from nea r ly  1000 microns t o  about 30 microns reduces  the ca l cu la t ed  c e l l  resis- 
tance from 1 R  t o  about 3 x 10-352 pe r  square  centimeter of active c e l l  area a t  the  
ope ra t ing  temperature.  
thin-f i lm f u e l  ce l l .  

To prepare  such t h i n  f i l m  f u e l  

This  paper r e p o r t s  t h e  c o n s t r u c t i o n  and performance of a 

CELL PREPAEUT ION 

The c e l l  w a s  b u i l t  on a c y l i n d r i c a l  porous ceramic support  tube  coated 
f i r s t  wi th  t h e  f u e l  e l e c t r o d e ,  then  t h e  t h i n  f i l m  e l e c t r o l y t e ,  and f i n a l l y  by the  
a i r  e l ec t rode .  
t h e  porous s t r u c t u r e  of t he  support  tube  t o  t h e  f u e l  e l ec t rodk .  Combustion prod- 
u c t s  d i f f u s e  i n  t h e  oppos i t e  d i r e c t i o n .  A concen t r a t ion  g rad ien t  is  b u i l t  up 
wi th  increas ing  combustion product  conten t  a long  t h e  tube  a x i s .  A i r  f lows over  
t h e  o u t s i d e  air  e l e c t r o d e .  

The f u e l  f lows through t h e  i n s i d e  of t h e  tube  and d i f f u s e s  through 

A s  support  tube  f o r  t h e  c e l l  w e  used a 1 .3  c m  O.D. s t a b i l i z e d  z i r c o n i a  
The measured open p o r o s i t y  of t h e  support  tube with a w a l l  t h i ckness  of 1 .5  mm. 

tube w a s  15 percent .  

The tube  w a s  covered over  a l eng th  of  n e a r l y  15 cm with a f u e l  elec- 
t rode  cons i s t ing  of  a 20 t o  3011 t h i c k  coba l t - z i r con ia  cermet l a y e r .  
w a s  app l i ed  by s i n t e r i n g .  

Th i s  l a y e r  

The f u e l  e l e c t r o d e  w a s  covered wi th  a t h i n  f i l m  e l e c t r o l y t e  by chemical 
vapor depos i t ion .  

The x-ray a n a l y s i s  of the e l e c t r o l y t e  f i l m s  confirmed a f u l l y  cubic  
s t r u c t u r e  of t h e  e l e c t r o l y t e .  

Film th icknesses  obta ined  from a t h r e e  hour chemical vapor d e p o s i t i o n  
r u n  are about 3011 t o  5011. 
number of experiments show t h a t  pores  up t o  10  microns i n  t h e  cermet f u e l  elec- 
t r o d e  can be  br idged wi th  a gas- t igh t  e l e c t r o l y t e  f i l tn .  

Cross s e c t i o n  a n a l y s i s  of va r ious  f i l m s  grown i n  a 

Af t e r  t h e  e l e c t r o l y t e  f i l m  was  a p p l i e d  t o  a 4 c m  long ce l l  i t  w a s  as- 
sembled i n t o  t h e  tester f o r  testing a t  950OC. 
tubes  f i t  over  t h e  ce l l  tube  ends. Gold washers seal t h e  c e l l  t ube  t o  t h e  alumina 
tubes .  The assembly w a s  compressed by means of an alumina rod running through t h e  
c e n t e r  of t h e  tubes.  Threaded b r a s s  tub ing  w a s  glued to t h e  alumina rod  ends t o  
a l low t h e  tubes t o  be placed under a c o n t r o l l e d  compression using a s p r i n g  on one 
end of t h e  assembly. Since t h e  gold washers are  pressed  a g a i n s t  t h e  t h i n  f u e l  
e l e c t r o d e  loca ted  between support  t ube  and th in - f i lm  e l e c t r o l y t e ,  they  provide 
e lec t r ica l  con tac t  t o  t h e  f u e l  e l ec t rodk .  A plat inum w i r e  w a s  welded on t o  one 
washer r ep resen t ing  a p o t e n t i a l  probe and a 11.5 mm t h i c k  palladium silver w i r e  
w a s  welded t o  t h e  o t h e r  washer a s . c u r r e n t  l e a d  t o  t h e  f u e l  e l e c t r o d e .  

A s  F igure  2 shows, alumina adapter  

An a i r  e l e c t r o d e  c o n s i s t i n g  of a t h r e e  l a y e r  coa t ing  of platinum w a s  
app l i ed  i n  t h r e e  s e p a r a t e  s i n t e r i n g  s t e p s .  The plat inum w a s  s i n t e r e d  i n  a i r  
wh i l e  t h e  i n s i d e  of t h e  c e l l  w a s  purged w i t h  forming gas .  
t r o d e  was backed up wi th  a platinum sc reen  c u r r e n t  c o l l e c t o r .  
palladium s i lver  w i r e  ac t ed  as t h e  c u r r e n t  lead o n  t h e  a i r  s i d e  of t h e  ce l l .  

The plat inum a i r  elec- 
A 1.5 mm t h i c k  



The ce l l  w a s  equipped wi th  a thermocouple which ac t ed  a l s o  a s a  p o t e n t i a l  
An e l e c t r o l y t e  r e f e r e n c e  e l e c t r o d e  w a s  placed bes ide  probe f o r  t h e  a i r  e l ec t rode .  

t h e  air e l ec t rode .  F igu re  3 shows t h e  cel l .  The t o t a l  a c t i v e  ce l l  area, de t e r -  
mined by the  a i r  e l e c t r o d e  s i z e ,  w a s  5.8 cm2. 
f i l m  c e l l  s t r u c t u r e  i s  shown i n  F igure  4 .  

A c r o s s  s e c t i o n  through t h e  t h i n  

EXPERIMENTAL RESULTS 

The cel l  w a s  t e s t e d  us ing  hydrogen con ta in ing  n e a r l y  3% water as t h e  
The flow rate i n d i c a t e d  by flowmeters w a s  400 t o  500 ccm p e r  minute. A i r  f u e l .  

w a s  suppl ied  by n a t u r a l  convection t o  t h e  o u t s i d e  of t h e  c e l l .  

The c e l l  w a s  opera ted  a t  950°C. The e lectr ical  c h a r a c t e r i s t i c s  are 
shown i n  Figure 5. The p o l a r i z a t i o n  c h a r a c t e r i s t i c s  of t h e  f u e l  and t h e  a i r  
e l e c t r o d e  inc lude  t h e  ohmic and non-ohmic p a r t  of t h e  p o l a r i z a t i o n .  
open c e l l  vo l t age  w a s  1060 mV over  t h e  e n t i r e  test per iod  of nea r ly  100 hours.  
maximum cur ren t  d e n s i t y  of 720 mA/cm2 w a s  ob ta ined  a t  a ce l l  vo l t age  of 618 mV. 
The ce l l  w a s  operated f o r  a 96 hour t e s t  a t  a cont inuous cu r ren t  load  of 500 
mA/cm2. 

The measured 
A 

The cel l  vo l t age  a t  t h i s  c u r r e n t  l e v e l  i s  p l o t t e d  versus  t i m e  i n  F igure  6 .  

Current i n t e r r u p t i o n  t e s t s ( 3 )  showed an ohmic p o t e n t i a l  drop i n  t h e  ce l l  
of 30 mV a t  a cu r ren t  d e n s i t y  of 630 mA/cm2. 
e l e c t r o d e ,  c a l c u l a t e d  from t h e  square  r e s i s t a n c e  of t h e  f u e l  e l e c t r o d e ,  does no t  
exceed 5 mV a t  t h i s  cu r ren t  level. The resistance of t h e  air e l e c t r o d e  w a s  ne- 
g l ec t ed  because of t h e  heavy cu r ren t  c o l l e c t o r .  The d i f f e r e n c e  of 25 mV i s  due 
t o  the  p o t e n t i a l  drop i n  t h e  e l e c t r o l y t e .  

The r e s i s t a n c e  drop i n  t h e  f u e l  

From t h e s e  da ta ,  t h e  ca l cu la t ed  r e s i s t i v i t y  of t h e  t h i n  f i l m  e l e c t r o l y t e  
is: 

n 

v*CmL] = 13 [ Q - c m ]  0.025 
[A.cm p [ Q * c m ]  = 

0.630 x 30 x 

This  compares very favorably  wi th  t h e  r e s i s t i v i t y  of s i n t e r e d  z i r c o n i a  doped wi th  
10 mole percent  y t t r i a  which is b e t w e e r 1 1  and 1 2  ohm cent imeters  a t  t h i s  tempera- 
t u r e .  

SUMMARY 

A high temperature  f u e l  ce l l  u s ing  a th in - f i lm  z i r c o n i a  e l e c t r o l y t e ,  
prepared by chemical vapor deposi t ion,was t e s t e d  s u c c e s s f u l l y  under c u r r e n t  load 
i n  a s i n g l e  ce l l  design. The test proved t h e  gas  t i g h t n e s s  of t h e  e l e c t r o l y t e .  
R e s i s t i v e  l o s s e s  checked c l o s e l y  wi th  those  c a l c u l a t e d  from the  r e s i s t i v i t y  and 
th ickness  of t he  e l e c t r o l y t e  and r e s i s t a n c e  of t h e  e l e c t r o d e s .  The t e s t e d  c e l l  
w a s  thermally cycled four  t i m e s  without  damaging t h e  t h i n  f i l m  s t r u c t u r e .  The 
performance of t h i s  s i n g l e  c e l l  exceeds t h a t  r equ i r ed  f o r  t h e  i n i t i a l  100-kilowatt  
coal-burning f u e l - c e l l  power p l a n t .  Fue l  e l e c t r o d e  tests i n d i c a t e  t h a t  th in-  
f i l m  f u e l  c e l l s  w i l l  perform equa l ly  w e l l  on t h e  f u e l  gas der ived  from t h e  
f l u i d i z e d  c o a l  bed used i n  t h a t  p l a n t .  

The development of t he  th in- f i lm f u e l  c e l l  i s  an important  s t e p  
toward a commercial power genera t ing  system capable  of producing e lectr ical  
energy from coa l  a t  o v e r a l l  e f f i c i e n c i e s  approaching 60 percent .  Fur ther  work 
i s  requi red  t o  provide t h e  th in- f i lm cel ls  wi th  low-cost a i r  e l ec t rodes  and t o  
in te rconnec t  them i n  b a t t e r i e s .  
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